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Difficulties in decision-making and motivation can impact functional outcomes in 
schizophrenia. Two brain regions that play a role in decision-making and motivation are 
the ACC and VTA, with both showing dysfunction in the disease. In order to investigate 
this dysfunction in more detail we used the MIA animal model of schizophrenia, which 
models the development of schizophrenia and the associated brain abnormalities observed 
in human patients. The aim of this study was to investigate decision-making and 
motivation in the MIA model and whether any changes relate to deficits observed in 
schizophrenia. Additionally, we investigated if there was any dysfunction in neuronal 
activity within and between the ACC and VTA, and whether any abnormalities are related 
to any of the behavioural deficits observed. To these ends neuronal activity in the ACC 
and VTA was recorded whilst the MIA and control rats ran in a figure-eight maze that 
offered a choice between a high cost and high reward, or a low cost and low reward option. 
Halfway through each session the location of the choices reversed. 
We found that decision-making in the MIA rats was affected by memory deficits 
on the first trial of a session, with rats apparently failing to recall the configuration from 
the end of the previous session. Memory deficits or behavioural inflexibility also resulted 
in a lack of anticipatory choices prior to the reversal in the MIA rats. This reflected either a 
failure to recall the reversal or inability to adapt to the approaching reversal. Following the 
reversal, behavioural inflexibility resulted in the MIA rats continuing to select the arm that 
had previously contained the preferred choice post-reversal. We observed an increase in 
beta activity in the ACC including abnormal synchrony of ACC neurons to the beta 
activity throughout the task, which may link to the increased behavioural inflexibility of 
the MIA rats. At the decision point we observed abnormal ACC-VTA coherence in the 
delta frequency band immediately post-reversal when the impact of behavioural 
inflexibility was the greatest. The MIA rats also displayed increased vicarious trial and 
error, suggesting increased deliberative decision-making likely due to avolition or due to 
difficulties in mentally exploring possible outcomes because of memory deficits. An 
avolition explanation was supported as MIA rats had an increase in ACC neurons encoding 
the cost and low-cost choice, indicating an increased perception of cost and increased 
preference for the low-cost choice compared to controls, which would have reduced 
motivation. Additionally, a general decrease in theta activity in the VTA of the MIA rats 
suggests a decrease in the motivation signal. ACC neurons also showed abnormal 
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synchrony to the VTA theta activity suggesting that the connectivity between the two 
regions is involved in this dysfunction. We therefore modelled difficulties in decision-
making and motivation observed in schizophrenia and linked these deficits to dysfunction 
within and between the ACC and VTA, increasing and deepening our understanding of the 
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Chapter 1 : Introduction 
1.1 Schizophrenia 
Schizophrenia is a heterogeneous psychiatric disorder characterised by its symptoms; 
delusions, hallucinations, disorganised thinking, disorganised and abnormal motor 
behaviour, cognitive deficits, and negative symptoms (diminished expression and 
avolition) (Who, 1993). However, not all symptoms need be present for a diagnosis, and a 
patient is generally diagnosed if they demonstrate two or more symptoms. Additionally, 
due to its heterogeneous nature there is much variation in the symptoms present and their 
severity between patients. The prevalence of schizophrenia in New Zealand is about 0.5% 
(Gibbs, Brewer, Puig, & Bell, 2019), which is in line with the global prevalence (Saha, 
Chant, Welham, & McGrath, 2005). Whilst treatments exist for schizophrenia, they 
primarily treat positive symptoms and are not always effective at improving functional 
outcomes (Egger et al., 2016). 
 
1.1.1 Symptoms 
Schizophrenia is commonly thought of in terms of its positive symptoms 
(psychosis; hallucinations and/ or delusions), however both cognitive and negative 
symptoms are prevalent in patients as well (Carbon & Correll, 2014), and have been 
significantly correlated to functional impairment (Fervaha, Foussias, Agid, & Remington, 
2014; Green, Kern, & Heaton, 2004). As patients are typically treated with antipsychotics 
which aim to treat the positive symptoms, but not the other symptoms, it is important that 
we investigate the pathology including neural dysfunction that causes cognitive and 
negative symptoms. This will hopefully enable us to find treatments that target this 
pathology so we might be better able to treat patients and improve functional outcomes. 
1.1.1.1 Cognitive symptoms 
Cognitive symptoms include deficits in attention, working memory, and visual 
learning and memory (Nuechterlein et al., 2004), all of which are important in decision 
making. Two aspects of attention have been studied; selective and sustained. Selective 
attention is when our attention is trained on specific relevant stimuli and we ignore 
irrelevant stimuli. Deficits in selective attention have been observed in patients with 
schizophrenia during conflict processing. This conflict can arise as previous knowledge 
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interfering with the current task (Barch, Carter, MacDonald, Braver, & Cohen, 2003), or 
sensory processing conflicts where variation between the relevant stimuli and irrelevant 
stimuli is low (Barch, Carter, Hachten, Usher, & Cohen, 1999; Gold, Robinson, et al., 
2018). However, selective attention was intact in patients when selecting items for 
memory retention in working memory (Gold et al., 2006). Sustained attention operates 
when we are required to maintain our attention on relevant stimuli, and experiments 
investigating this have found sustained attention intact whilst others have not, possibly due 
to the heterogeneous nature of schizophrenia (Hoonakker, Doignon-Camus, & Bonnefond, 
2017). This suggests that attentional deficits are not broadly affected, and it may be that 
patients only experience difficulties when conflicting or multiple stimuli require attention. 
A prominent theory in the schizophrenia literature relating cognitive dysfunction to 
schizophrenia symptoms is that aberrant attribution of salience is hypothesised to be 
responsible for some of the positive and negative symptoms (Kapur, 2003). It is thought 
that the cognitive process of attributing salience to otherwise irrelevant stimuli results in 
psychosis and hallucinations, and a failure to attribute salience to otherwise relevant 
stimuli results in avolition. Evidence to support this is seen in patients with schizophrenia 
where increased aberrant salience is associated with increased positive symptoms (Jensen 
et al., 2008), and increased negative symptoms (Roiser et al., 2009). 
This inability to ignore irrelevant stimuli may result in deficits in information 
processing. Two paradigms that can test this are latent inhibition and pre-pulse inhibition. 
Latent inhibition (LI) looks at how pre-exposure to a stimulus affects later conditioning to 
the stimulus. With patients, the effect of pre-exposure is reduced and they behave as if they 
had no pre-exposure (Baruch, Hemsley, & Gray, 1988; Gray, Hemsley, & Gray, 1992). In 
pre-pulse inhibition (PPI), the participant is exposed to a weaker version (pre-pulse) of the 
stimulus shortly before a stronger, startling version. In healthy controls this pre-pulse 
reduces their reaction to the startling stimuli, however, in patients with schizophrenia the 
effect of the pre-pulse on their startle reaction is decreased (Hass, Bak, Szycik, Glenthoj, 
& Oranje, 2017; Takahashi et al., 2011). 
In addition to deficits in attention and salience, another cognitive symptom is a 
deficit in working memory. A meta-analysis by Lee and Park (2005) revealed deficits in 
schizophrenia are broad, and are not specific to any specific working memory task 
(visuospatial or verbal), or delay length (from presentation to testing). More specifically it 
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appears that there are deficits in manipulating and updating working memory as well as 
reduced capacity (Gold, Barch, et al., 2018; Gold, Robinson, et al., 2018). However, 
working memory tasks can be impacted by other deficits including attention, motivation, 
and behavioural flexibility. As stated earlier, selective attention for working memory is 
intact, which suggests that deficits can’t be attributed to deficits in attention, however 
another study found that lapses in attention did impact working memory scores (Gold, 
Barch, et al., 2018). Therefore, attention deficits may play a small role in patient’s poorer 
working memory scores. In an attempt to control for the reduced motivation found in 
patients, one task reduced the cognitive effort required and found that differences in 
working memory between healthy controls and patients with schizophrenia was reduced, 
with only a trend in reduced working memory for the patients. This reduction in working 
memory impairment implies that deficits in working memory may, to some extent, reflect 
a deficit in motivation instead. Additionally, a correlation was found between behavioural 
flexibility and working memory, however neither behavioural inflexibility nor impaired 
working memory fully account for the deficit in one another (Gold, Robinson, et al., 2018). 
Behavioural inflexibility in patients with schizophrenia presents as a difficulty in 
adapting to a new situation by changing one’s behaviour. It is proposed that patients fail to 
update their internal models of the situation (Kanchanatawan, Thika, Anderson, Galecki, & 
Maes, 2018), resulting in perseveration, as patients persist with the original or default 
behaviour. Behavioural inflexibility is commonly examined by measuring a patient’s 
ability to swap between different tasks. Two types of task switching have been studied; 
when the way the participant must respond is swapped (response), or when the stimuli they 
must respond to changes (perceptual). When the cost of task switching was determined by 
the increase in reaction time following a response change, it was shown that patients were 
slower in responding than healthy controls, suggesting increased cognitive effort was 
required for the switch (Meiran, Levine, & Henik, 2000; Ravizza, Moua, Long, & Carter, 
2010). Patients with schizophrenia also had an increase in the number of trials it took to 
reach criteria after a response switch (Hutton et al., 1998; Pantelis et al., 1999), reduced 
sensitivity to the switch (Gold, Robinson, et al., 2018), and increased perseveration errors 
(errors due to the participant applying the old rule) (Dridan, Ong, Lloyd, Evans, & Crowe, 
2013), relative to controls. Similarly, deficits were also observed during perceptual 
switching, with increased reaction times, perseveration errors, and trials-to-criteria (Hutton 
et al., 1998; Kieffaber et al., 2006; Mance Calisir, Atbasoglu, Devrimci Ozguven, & 
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Olmez, 2018; Pantelis et al., 1999; Waford & Lewine, 2010). However one study failed to 
find a significant difference when examining reaction time (Ravizza et al., 2010). 
Difficulties in behavioural flexibility also results in patients with schizophrenia being less 
likely to make exploratory choices when it would more advantageous to do so (Strauss et 
al., 2011), and leads to general deficits in decision-making, as patients are more likely to 
choose the default option, regardless of other variables. It may be that the increase in 
behavioural inflexibility results in an increase in effort required to task switch, which in 
turn may result in avolition. Perseveration of this kind has been linked to negative 
symptoms (Waford & Lewine, 2010), and patients with predominantly negative symptoms 
show greater perseveration compared to healthy controls and those with predominantly 
positive symptoms who show over-switching (Yogev, Hadar, Gutman, & Sirota, 2003). 
However, it may actually be that the deficit in task-switching is partly due to decreased 
effort in patients, as when they are given the option to skip the response and thereby avoid 
the effort altogether, patients chose to skip trials more often than healthy controls 
(Fortgang, Srihari, & Cannon, 2017). When effort is controlled for, patients were no longer 
significantly less accurate, suggesting that behavioural inflexibility is a secondary 
symptom to avolition in patients with schizophrenia.  
Deficits in cognitive symptoms, including poor working memory and behavioural 
inflexibility, have been correlated to negative symptoms, in particular avolition (Bismark 
et al., 2018; Fervaha, Zakzanis, et al., 2014; Foussias et al., 2015; Lin et al., 2013; 
Neumann & Linscott, 2018). It may be that the cognitive deficits observed are due to a 
decrease in willingness to expend effort during testing, as seen already in working memory 
(Gold, Barch, et al., 2018) and behaviour flexibility tasks (Fortgang et al., 2017). Further 
support for the link between cognitive and negative symptoms is the observation that both 
motivation and cognition appear to improve together (Fervaha, Zakzanis, et al., 2014). 
Additionally it was found that both decreases in effort (Bismark et al., 2018; Gorissen, 
Sanz, & Schmand, 2005) and motivation (Foussias et al., 2015) account for some of the 
reduction in cognitive performance. 
1.1.1.2 Negative symptoms 
Negative symptoms traditionally include blunted affect (diminished emotional 
expression), poverty of speech, anhedonia, asociality, and avolition. Whilst anhedonia is 
included as a symptom, evidence suggests that patients experience just as much pleasure 
from activities as healthy controls (Berenbaum & Oltmanns, 1992; Burbridge & Barch, 
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2007; Heerey & Gold, 2007; Kring, Kerr, Smith, & Neale, 1993; Kring & Neale, 1996). It 
is possible therefore, that anhedonia in schizophrenia is a combination of blunted affect 
(Berenbaum & Oltmanns, 1992; Kring et al., 1993; Kring & Neale, 1996), and a deficit in 
anticipatory pleasure instead of consummatory pleasure (Burbridge & Barch, 2007; Gard, 
Kring, Gard, Horan, & Green, 2007; Heerey & Gold, 2007). However in a study that 
collected qualitative data about participants’ goals and activities over the period of a week, 
it was noted that anticipatory pleasure was higher for patients with schizophrenia, but their 
goals and activities required less effort (Gard et al., 2014). It was also noted that they 
perceived the effort required to achieve these goals as greater than the experiment’s 
coders. Therefore, anhedonia might primarily be a secondary symptom to avolition and is a 
result of patients being less willing to put in the effort for pleasure. There is also evidence 
that the deficit in anticipatory pleasure shares the same brain activation pattern as avolition 
(Giordano, Koenig, et al., 2018). 
Avolition is commonly investigated by observing deficits in goal-directed 
behaviour. There are several aspects of this behaviour that might be affected in 
schizophrenia and that are related to the goal (reward). As previously mentioned, patients’ 
enjoyment of rewards is largely intact, so avolition is unlikely to be due to a lack of 
interest in the goal. Therefore, it might be the value that the patient gives the reward. 
Simple valuation of the reward in the absence of other variables has been shown not to be 
reduced (Culbreth, Westbrook, & Barch, 2016; Fervaha et al., 2013), in fact patients have 
been found to have a higher valuations of smaller rewards compared to controls (Gard et 
al., 2014; Horan et al., 2015). So, it is likely not the baseline value of the reward, but other 
factors, that might influence the valuation, for example, effort required or probability of 
getting the reward. Consequently, studies have investigated the willingness to expend 
effort for a reward as a potential motive for the avolition seen in patients with 
schizophrenia. 
Several methodological designs have been used to study effort, largely adapted 
from animal tasks, which makes them useful in cross-species comparisons. A commonly 
used task is the cost-benefit decision-making procedure, where the subject is given a 
choice between exerting more effort (cost) for a greater reward (benefit) or exerting less 
effort for a smaller reward. Occasionally the probability of the reward is varied as well. 
The other common experimental design is the progressive ratio task that is used to 
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investigate a subjects’ breakpoint, which is the point at which they are no longer willing to 
expend effort for a reward. 
The effort used in these tasks falls under two categories: either physical or 
cognitive. This is of interest because these two types of effort do not necessarily involve 
the same neuronal systems, so may be affected differently in schizophrenia. Support for 
two different neural systems has been observed with the prefrontal-parietal network 
activated during cognitive effort, and the primary motor cortex activated during physical 
effort (Schmidt, Lebreton, Clery-Melin, Daunizeau, & Pessiglione, 2012). However, there 
are several regions of the brain that were activated in response to both forms of effort 
showing that there is some overlap between the two systems. 
Two forms of physical effort have been used in cost-benefit decision-making 
studies, with most using varying numbers of button presses, and a few using varying 
percentages of the subjects’ maximum grip strength. Cost-benefit decision-making tasks 
that used button presses found that patients with schizophrenia are less willing to choose 
the more effortful option to obtain a greater reward at higher probabilities than healthy 
controls (Barch, Treadway, & Schoen, 2014; Fervaha et al., 2013; Gold et al., 2013; 
McCarthy, Treadway, Bennett, & Blanchard, 2016; Park, Lee, Kim, Kim, & Koo, 2017; 
Reddy et al., 2015; Treadway, Peterman, Zald, & Park, 2015). Patients also took longer 
and were less vigorous in their button presses, further demonstrating a decrease in 
motivation during the task (Gold et al., 2013). Willingness to expend effort was also 
correlated with negative symptoms, with the decrease in effort expenditure greatest in 
those with more severe negative symptoms (Barch et al., 2014; Fervaha et al., 2013; Gold 
et al., 2013; Horan et al., 2015; McCarthy et al., 2016; Treadway et al., 2015). To confirm 
that this reduced motivation isn’t a result of long-term antipsychotic use, one study 
examined first-episode psychosis patients and still found reduced willingness to expend 
effort at higher reward probabilities (Chang et al., 2019). When a progressive ratio task 
was used, no significant difference between patients and healthy controls was found, 
although reduced breakpoints did correlate with avolition (Strauss et al., 2016). It may be 
that, due to the design of the progressive ratio task, patients’ increased perseveration might 
result in increased breakpoints. In an effort to control for the disadvantages of each design, 
Berge et al. (2018) combined the methods from the cost-benefit decision-making and 
progressive ratio. They found that patients with schizophrenia showed reduced effort 
expenditure, and that this was greater for patients with more severe negative symptoms, 
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particularly avolition. When grip strength was the physical effort, it was found that patients 
had decreased effort expenditure compared to healthy controls (Reddy et al., 2015), and 
this effect was greatest in those with higher avolition scores (Hartmann et al., 2015). 
However, one research group found no difference in effort between patients with 
schizophrenia and healthy controls, and no association was found to negative symptoms 
(Docx et al., 2015). 
When observing cognitive effort, it has been found that patients with schizophrenia 
made less effortful choices (Culbreth et al., 2016; Fortgang et al., 2017; Reddy et al., 2015; 
Reddy et al., 2018; Wolf et al., 2014). The cognitive effort was typically created by 
requiring participants to switch between different rules (task-switching), with the harder 
option requiring an increase number of switches, so it may be that the results of this study 
could be confounded by patients’ difficulties in task-switching which means the task may 
have required more effort from patients than controls. However, cognitive symptom scores 
had a smaller correlation to reduced effort compared to negative symptom scores (Reddy 
et al., 2018). A correlation between cognitive effort and negative symptoms was also 
found in other studies (Culbreth et al., 2016; Fortgang et al., 2017; Wolf et al., 2014), but 
in one study it was only when both negative symptoms and defeatist beliefs were taken 
into account that a correlation was seen (Reddy et al., 2018). No difference between 
patients with schizophrenia and healthy controls in the effect of cognitive effort was 
observed in one study, however their task involved no reward and patients demonstrated 
that they had difficulty in telling which was the more effortful choice (Gold et al., 2015). 
Reddy et al. (2015) also tested the effects of perceptual effort, which involved 
detecting a stimulus from the background with decreasing contrast representing increasing 
effort. No significant difference was observed between patients and healthy controls 
(Reddy et al., 2015), however a correlation was found between reduced effort and negative 
symptoms (Horan et al., 2015). Additionally one study used virtual reality in an attempt to 
examine motivation in more realistic settings (Siddiqui et al., 2019). They found that, 
when completing errands within this virtual city, patients were less efficient, travelling 
further and performing less well than controls. This reduced efficiency was correlated with 
patients avolition score, providing evidence that a deficit in motivation is linked to the 
difficulties in goal-planning observed in patients. It may also explain that the reason 
patients with schizophrenia have a greater degree of effort discounting is that often a 
greater level of effort is required of them to achieve the goal. 
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In most studies the willingness to expend effort for a greater reward was correlated 
with patients’ negative symptom scores. Those with more severe negative symptoms were 
less willing to expend effort. However, some studies did not find this correlation (Brown et 
al., 2013; Fervaha et al., 2015), but this might be due to the differing negative symptom 
measures. Indeed a meta-analysis by Luther, Fischer, Firmin, and Salyers (2019) found 
that a decrease in motivation is correlated with negative symptom scores, and the 
variability was likely due to sample sizes and negative symptom measures, with more 
recent measures showing a stronger correlation. 
It could be argued that the avolition seen in schizophrenia is a result of this 
dysfunction in cost-benefit computation due to an increase in the perceived cost in 
patients, and that this might be why they also demonstrate a deficit in anticipatory 
pleasure.  
 
1.1.2 Leading theories of schizophrenia 
1.1.2.1 Dopamine Hypothesis 
The dopamine hypothesis originates from the knowledge that antipsychotic drugs 
affect the dopamine system (Seeman & Lee, 1975). Specifically, that they are dopamine 
receptor antagonists, and the drugs’ efficacy as an antipsychotic is correlated with their 
strength as an antagonist. This implied that an increase in dopamine or dopamine receptors 
may be at the root of psychosis. Further exploration revealed that patients display an 
increase in the rate-limiting enzyme involved in the synthesis of dopamine in the 
substantia nigra, which suggests there was an increase in dopamine production in the 
striatum (Howes et al., 2013). Additional studies reported an increase in presynaptic 
dopamine in the striatum (Howes et al., 2009; McCutcheon, Beck, Jauhar, & Howes, 2018; 
Meyer-Lindenberg et al., 2002), increased dopamine release (Abi-Dargham et al., 1998), 
and increased D2 receptor occupancy (Abi-Dargham et al., 2000). The increase in 
dopamine synthesis is seen even before psychosis develops (Egerton et al., 2013), although 
it increases further when psychosis develops (Howes et al., 2011). 
There also appears to be a difference in dopamine D2 receptors in patients, 
although results supporting this finding are mixed (Bloemen et al., 2013; Howes et al., 
2012). Animal models that overexpress striatal D2 receptors also display behaviours 
indicative of schizophrenia symptoms (Kellendonk et al., 2006), supporting the idea that 
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D2 receptor increase is pathological to schizophrenia. However, it has been found that an 
increase in D2 receptors was only seen in patients who have been on antipsychotics long-
term, whereas patients who are drug naïve don’t show an increase relative to healthy 
controls (Silvestri et al., 2000). This increase in receptors in response to antipsychotic 
drugs is perhaps not too surprising given that most antipsychotics block D2 receptors 
(Kapur & Remington, 2001), and it may therefore be that this increase in D2 receptors is a 
compensation for the antagonism. 
Whilst dopamine appears to be increased in the striatum, it seems to be decreased 
in the prefrontal cortex (PFC). Reduced D1 receptor occupancy in the PFC has been 
observed (Abi-Dargham et al., 2002), although this may reflect an increase in D1 receptors 
as opposed to a decrease in dopamine (Abi-Dargham et al., 2012). Support for an increase 
in D1 receptors was indicated by the finding that no difference was observed in dopamine 
release in the PFC (Slifstein et al., 2015). However, evidence for deficits in D1 receptor 
expression in the PFC are mixed as other studies have found a decrease in D1 receptors 
(Kosaka et al., 2010; Okubo et al., 1997). These differences between the studies may be 
due to treatment, as decreased D1 receptor occupancy has only been seen in drug-naïve 
patients. Sample sizes were also small, and given the heterogeneous nature of 
schizophrenia, may reflect differences in the symptoms expressed. For example, it was 
found that poor working memory was predicted by a decrease in dopamine release and D1 
receptor occupancy (Abi-Dargham et al., 2002; Okubo et al., 1997; Slifstein et al., 2015). 
Additionally, patients with schizophrenia had reduced release of dopamine in response to 
amphetamine compared to controls, therefore it might be that the dysfunction only occurs 
when there is increased demand on dopamine release (Slifstein et al., 2015). 
 Dopamine dysfunction has also been linked to other symptoms. Whilst traditionally 
dopamine was thought of as signalling reward, it appears that the function of dopamine 
neurons is more broad, and that they signal stimulus salience rather than simply rewarding 
stimuli (Berridge, 2007; Schultz, 2010). Therefore it has been hypothesised that an 
increase in dopamine activity results in salience being assigned to irrelevant stimuli (Heinz 
& Schlagenhauf, 2010; Jensen et al., 2008; Sterzer et al., 2018), leading to positive 
symptoms. When salience is applied to irrelevant stimuli it results in delusions as the 
patient tries to make sense of the unusual attribution of salience, and hallucinations when 
salience is applied to irrelevant internal thoughts (Kapur, 2003). This could therefore be 
the biological basis for the theory of aberrant attribution of salience. Support for this 
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theory is provided from studies showing that increased dopamine release has been linked 
to positive symptoms (Abi-Dargham et al., 1998). Conversely, reduction of PFC dopamine 
may result in reduced attribution of salience to relevant stimuli, leading to negative 
symptoms. Both a reduction in firing of dopamine neurons in response to reward-
indicating stimuli (Juckel et al., 2006), and a decrease in dopamine causing a reduced 
willingness to expend effort (Salamone, Correa, Yang, Rotolo, & Presby, 2018), suggest 
that avolition is also linked to the dopamine system. 
 While the dopamine hypothesis has been prominent for over 50 years, it has its 
limitations. A significant proportion of patients with schizophrenia are classed as 
treatment-resistant, which means that traditional antipsychotics (dopamine antagonists) are 
not effective (Potkin et al., 2020). These patients also display different neurochemical 
abnormalities to healthy controls, with the potential involvement of glutamate (Jauhar et 
al., 2019). 
1.1.2.2 Glutamate Hypothesis 
The glutamate hypothesis, similarly to the dopamine hypothesis, originates from 
the effects of drugs, in this case, the finding that antagonism of the glutamate NMDA (N-
methyl-D-aspartate) receptor produces effects that are similar to those seen in 
schizophrenia, including positive, negative, and cognitive symptoms (Krystal et al., 1994; 
Olney, Newcomer, & Farber, 1999). More specifically, it appears to be the hypofunction 
of the NMDA receptors found on corticolimbic GABA interneurons that results in 
schizophrenia-like behaviours (Belforte et al., 2010). In the PFC inhibition of NMDA 
receptors resulted in the reduced activity of inhibitory GABA interneurons, which in turn 
results in an increase and discoordination in the activity of the pyramidal neurons of the 
PFC (Homayoun & Moghaddam, 2007). 
Abnormalities in glutamate and dopamine signalling are linked in schizophrenia 
(Jauhar et al., 2018; Stone et al., 2010). It may be that the heterogeneity seen in 
schizophrenia reflects varying levels of dysfunction in these systems. As current 
treatments for schizophrenia act on the dopamine system, treatment-resistant patients 
might show primarily glutamate dysfunction, and there is evidence supporting this 
(Egerton et al., 2018; Jauhar et al., 2019; Mouchlianitis et al., 2016). One proposed model 
is that glutamate projections from the PFC to the ventral tegmental area (VTA) are reduced 
due to NMDA receptor hypofunction, and this then results in increased dopamine release 
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along the mesolimbic pathway (positive symptoms) and a decrease along the mesocortical 
pathway (cognitive symptoms) (Laruelle, Kegeles, & Abi-Dargham, 2003). The anterior 
cingulate cortex (ACC) is one particular region of the PFC where numerous studies have 
noted glutamate abnormalities (Egerton et al., 2018; Jauhar et al., 2018; Wang et al., 
2019). Additionally dysfunction of NMDA receptors on GABAergic interneurons might 
be the reason for the abnormal functional connectivity seen in schizophrenia (Spellman & 
Gordon, 2015). 
1.1.2.3 Dysconnection Hypothesis 
The dysconnection hypothesis theorises that the symptoms are a consequence of 
dysfunctional connectivity within and between brain regions (Friston, Brown, Siemerkus, 
& Stephan, 2016). It is likely that the dysfunction in dopamine and glutamate contribute to 
abnormal connectivity as there is a correlation between neurotransmitter dysfunction and 
dysconnectivity (Conio et al., 2020; McCutcheon et al., 2019; Spellman & Gordon, 2015). 
A systematic review by Pettersson-Yeo, Allen, Benetti, McGuire, and Mechelli (2011) 
found reduced connectivity between frontal and temporal brain regions in patients with 
schizophrenia compared to healthy controls, and many studies have highlighted reduced 
connectivity involving the cingulate cortex. However, it is not just reductions but also 
increases in connectivity that are observed, possibly due to abnormal connections made 
between regions as well as disrupted connections (Fornito & Bullmore, 2015). 
Three prominent functional connectivity networks within the brain, the default 
mode network (DMN; medial PFC including the ACC, posterior cingulate cortex, and 
temporal regions including the hippocampus) (Buckner, Andrews-Hanna, & Schacter, 
2008), the salience network (SN; ACC, ventrolateral PFC, amygdala, nucleus accumbens, 
and insula), and the central executive network (CEN; PFC, dorsal caudate, and anterior 
thalamus) (Seeley et al., 2007) have displayed abnormal connectivity in schizophrenia 
(Manoliu et al., 2014). The DMN is a pattern of activity and connectivity that is more 
active during rest than during cognitive tasks, and appears to be involved in passive 
attention or internal thoughts (Greicius, Krasnow, Reiss, & Menon, 2003). Whilst the SN 
activates in response to salient stimuli or events, and therefore has a role in information 
processing. The CEN is activated when deciding how to react to the salient stimuli/ event 
or goal-oriented activity (Seeley et al., 2007). Activity in the DMN and CEN in healthy 
controls is anticorrelated and reflect task performance, as the ability to switch from 
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internal thoughts to external goal-directed activity is important. It is hypothesised that the 
SN is important in this switch. 
In a meta-analysis by O’Neill, Mechelli, and Bhattacharyya (2018) of first-episode 
psychosis patients it was revealed that the DMN has reduced connectivity within itself and 
with the SN and CEN. Reduced connectivity involving the DMN was linked to severity of 
negative symptoms, which may be because that the DMN includes regions involved in 
reward valuation. The SN has decreased connectivity except for its connection to sensory 
processing which showed increased connectivity. During psychosis it was observed that 
patients have abnormal temporal connectivity between the SN and DMN/CEN (Manoliu et 
al., 2014). It may be that increased connectivity at inappropriate times could result in 
salience being placed on irrelevant stimuli (Palaniyappan & Liddle, 2012). Additionally, 
the DMN and CEN also show correlation instead of anticorrelation, and this was 
associated with hallucinations. This correlation may reflect why internal thoughts can be 
thought of as having an external source in psychosis. 
Deficits in functional connectivity may also lie in the way that regions synchronize 
with each other (Yaesoubi et al., 2017). Neuronal activity oscillates at differing 
frequencies and particular bands have been found to be associated with different functions 
(Buzsaki & Draguhn, 2004), with lower frequencies (<12Hz) considered to link and 
synchronise more distal brain regions, and higher frequencies (>12Hz) connecting more 
locally (von Stein & Sarnthein, 2000). Therefore, it may be that abnormalities in 
connectivity in schizophrenia may be hidden when only looking within one frequency 
band, as is the case with fMRI which can only look below 0.1Hz (Beckmann, DeLuca, 
Devlin, & Smith, 2005). Support for this comes as decreases in coherence between regions 
are seen in the lower frequency bands (delta, 1.5-3.5Hz; theta, 4-7.5Hz; alpha, 8-12.5Hz) 
but not higher (beta, 13-18Hz) in patients compared to controls (Tauscher, Fischer, 
Neumeister, Rappelsberger, & Kasper, 1998). Whilst others have found a global decrease 
in coherence in only the theta (6.5-8Hz) band (Koenig et al., 2001). When comparing 
dysconnectivity of specific frequency bands in relation to symptoms it was found that 
positive symptoms are associated with increased beta (13-30Hz) and gamma (30-200Hz) 
oscillations, whilst negative symptoms have been linked to both increased and decreased 
gamma oscillations (Uhlhaas & Singer, 2010). Abnormalities in gamma oscillations are 
perhaps unsurprising given the importance of interneurons in producing gamma frequency, 
and the evidence that interneurons are affected in schizophrenia. Additionally, gamma 
13 
 
oscillations have been implicated in perception, attention, and working memory, all of 
which patients with schizophrenia have shown deficits in. 
Deficits in connectivity are also seen when patients perform tasks, for example, 
they had reduced suppression of the DMN during a working memory task, which 
correlated with poorer performance (Whitfield-Gabrieli et al., 2009). These differences in 
connectivity are not always associated with differences in behaviour, and this may be 
because in schizophrenia the brain is having to ‘work harder’ to maintain normal 
behaviour, or the task is able to elicit the difference in the brain but doesn’t, or can’t, 
measure the difference in behaviour. For example, in a task that is designed to induce 
illusions, patients with schizophrenia did not differ from healthy controls in behaviour 
however they did display an increase in beta/ gamma oscillations (25-35Hz) that was task 
dependent (Balz et al., 2016). This fits with the observation that both these frequency 
bands are associated with positive symptoms. Additionally it has been found that whilst in 
healthy controls increased attentional load results in an increase in beta oscillations, this 
was not observed in patients with schizophrenia even though their performance on the task 
did not differ (Ghorashi & Spencer, 2015; Liddle et al., 2016). However, in patients there 
was a correlation between an increase in beta oscillations and ability to cope with the 
increase in attentional load. Similarly, it has also been observed that beta (10-30Hz) 
oscillations were suppressed to a greater extent in patients with schizophrenia in a Stroop 
task compared to healthy controls, and this correlates with more subtle behavioural 
differences (Popov, Kustermann, Popova, Miller, & Rockstroh, 2019). Patients also failed 
to show an increase in theta (4-7Hz) coherence (specifically between the dorsal ACC and 
sensorimotor cortex) as attentional load increased. Therefore, the physiological differences 
observed may not lead to a noticeable change in behaviour, but this does not mean there is 
not abnormalities in brain processing related to the behaviour. 
 
1.2 Anterior cingulate cortex (ACC) 
The dopamine, glutamate, and dysconnection hypotheses implicate that the ACC is 
dysfunctional in schizophrenia. The PFC, including the ACC, has reduced dopamine and 
D1 receptor occupancy (Slifstein et al., 2015), whilst glutamate has also been shown to be 
abnormal in the ACC of patients with schizophrenia (Egerton et al., 2018; Jauhar et al., 
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2018; Wang et al., 2019). Additionally, the ACCs connectivity to other brain regions is 
dysfunctional (O'Neill, Gordon, & Sigurdsson, 2013; Popov et al., 2019). 
 
1.2.1 Anatomy of anterior cingulate cortex 
 The ACC is located in the medial PFC, and is defined as Brodmann areas 24a, 24b, 
25, 32, and 33. The definition of the ACC has varied, including with the recent addition of 
the midcingulate cortex (MCC), which further divided area 24 to account for anatomical 
and functional differences (Figure 1.1a,b) (Vogt & Paxinos, 2014). As a result, the dorsal 
ACC can refer to areas 24a, 24b and 33, or in older definitions the current MCC (areas 
24a’ and 24b’). Across species the ACC is relatively conserved, with a similar structure 
and function (Figure 1.1b) (Vogt & Paxinos, 2014). Within the ACC the cell types are 
predominantly pyramidal neurons (approx. 83%) with GABA-immunopositive neurons 
making up the rest (approx. 17%) (Gabbott, Warner, Jays, Salway, & Busby, 2005). 
The ACC is part of the limbic system, and is a highly connected region with 
connections to limbic cortex, non-limbic cortex, basal forebrain, thalamus, amygdala, 
hypothalamus, midbrain (including the VTA), and pons/medulla (Figure 1.2) (Gabbott et 
al., 2005; Hoover & Vertes, 2007). 
As previously described, several connectivity networks have been shown to relate 
to various functions. The ACC is involved in two networks; the DMN (Greicius et al., 
2003), and the SN (Menon, 2015). Both the DMN and SN have been found in rodents, and 
the regions involved are similar to humans (Lu et al., 2012; Sforazzini, Schwarz, 
Galbusera, Bifone, & Gozzi, 2014). The ability of the ACC to be active in both networks, 
considering their different functions, is likely due to differing subregions being involved in 
each network, with the ventral ACC part of the DMN, and the dorsal ACC/ MCC part of 





Figure 1.1 (a) Brodmann areas of the cingulate cortex in a rat and their location according to Bregma. (b) Comparison 






Figure 1.2 Afferent connections of the rat anterior cingulate cortex (AC) found using retrograde fluorescent tracer. 
Colour coded according to the strength of the labelling. AGm= medial agranular (frontal) cortex, PAp= posterior 
parietal cortex, RSC= retrosplenial cortex, OC2= occipital cortex (2nd division), FPm= frontal polar cortex (medial 
division), AUD= auditory cortex, AGl= lateral agranular (frontal) cortex, GI= granular insula cortex, TE= temporal 
cortex, SSII= secondary somatosensory cortex, AC= anterior cingulate cortex, PL= prelimbic cortex, IL= Infralimbic 
cortex, MO= medial orbital cortex, VO= ventral orbital cortex, PRC= perirhinal cortex, EC= entorhinal cortex, CA1= 
hippocampal region CA1, AIp= posterior agranular insular cortex, ECT= ectorhinal cortex, CLA= claustrum, SI= 
substantia innominate, TTd= dorsal taenia tecta, BST= bed nucleus of stria terminalis, DBh= nucleus of diagonal band 
(horizontal limb), LPO= lateral preoptic area, MA= magnocellular preoptic nucleus, AM= anteromedial nucleus of 
thalamus, CL= central lateral nucleus of the thalamus, RE= nucleus reuniens of thalamus, RH= rhomboid nucleus of 
thalamus, IAM= interanteromedial nucleus of thalamus, MD= mediodorsal nucleus of thalamus, PC= paracentral 
nucleus of thalamus, CL= central lateral nucleus of thalamus, CM= central medial nucleus of thalamus, IMD= 
intermediodorsal nucleus of thalamus, PV= paraventricular nucleus of thalamus, VM= ventral medial nucleus of 
thalamus, PT= paratenial nucleus of thalamus, BLA= basolateral nucleus of amygdala, BMA= basomedial nucleus of 
amygdala, LHy= lateral hypothalamus, PAG= periaqueductal gray, PH= posterior nucleus of hypothalamus, SUM= 
supramammillary nucleus, LM= lateral mammillary nucleus, VTA= ventral tegmental area, SNc= substantia nigra pars 
compacta, IP= interpeduncular nucleus, CLi= central linear nucleus, DR= dorsal raphe nucleus, LC= locus coeruleus, 
NI= nucleus incertus, LDT= laterodorsal tegmental nucleus, MR= median raphe nucleus, PB= parabrachial nucleus. 
Taken from (Hoover & Vertes, 2007). 
 
 
1.2.2 Function of anterior cingulate cortex 
As attention is important in the two functional networks, either passive attention in 
the DMN, or focused attention for the SN, it is not surprising that the ACC has been 
shown to be active during tasks that analyse attention. The ACC has been linked to 
dysfunction in both sustained and selective attention. Inactivation of ACC neurons results 
in impaired sustained attention (Koike et al., 2016), and an ACC lesion results in deficits 
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in selective attention (Newman & McGaughy, 2011). Additionally ACC neurons increased 
their burst firing when monkeys entered an attentional state, as well as displaying 
increased oscillatory activity in the theta (4-10Hz) and beta (16-30Hz) frequencies (Voloh 
& Womelsdorf, 2018). Whilst in the period before presentation of a stimulus (which might 
be considered an attentional state), delta (1-4Hz), alpha (8-12Hz), and beta (13-30Hz) 
oscillations were decreased in incorrect trials (Totah, Jackson, & Moghaddam, 2013), 
possibly suggesting that the incorrect trials may be due to decreased attention. Activation 
of the ACC has also been observed in relation to learning, problem solving, response 
selection, emotional processing, spatial memory, and pain (Pavlovic, Pavlovic, & 
Lackovic, 2009). To account for these various roles an overarching function in conflict 
monitoring is proposed for the ACC (Botvinick, 2007). 
Conflict monitoring occurs when the participant is choosing between equally viable 
(conflicting) responses to a stimulus (Botvinick, Braver, Barch, Carter, & Cohen, 2001). 
The ACC has been well documented to be active during conflict monitoring, including 
overriding the default response (e.g. in the Stroop test; responding with the colour of the 
word and not the word itself) and error commission. ACCs activation during error 
commission is considered as support for conflict monitoring models as errors are 
considered to occur when there is high conflict. Additionally, activation in the ACC has 
been found to increase as the number of viable responses increase. Therefore it is 
hypothesised that the ACC is important in cognitive control, with a role to reduce conflict 
in the future (Kerns et al., 2004). 
An argument for conflict monitoring being the overall function of the ACC is that 
the region is activated in decision-making when difficulty, and therefore, conflict 
increases. However, it has also been observed that the ACC is active in decision-making 
even when difficulty is controlled for (Kolling, Behrens, Wittmann, & Rushworth, 2016). 
Furthermore, in a task that allowed error avoidance, ACC activation was greatest when 
participants were allowed to reject the trial if they believed they would be unsuccessful 
(Magno, Foxe, Molholm, Robertson, & Garavan, 2006). This activation contrasts with the 
conflict monitoring hypothesis as these trials would not necessarily produce the greatest 
level of conflict. Additionally, another study found that ACC activity did not correlate with 
response conflict, but was correlated with response outcomes (Walton, Devlin, & 
Rushworth, 2004). Therefore, rather than decision-making being a part of the ACCs 
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conflict monitoring role, it is the other way around, with conflict monitoring a part of 
ACCs function in decision-making. 
 
1.2.3 Anterior cingulate cortex’s role in decision-making 
There are several aspects of decision-making the ACC has been tied to. Initially, it 
was observed that the ACC encodes the outcome of decision-making, as it was shown to 
be active during negative outcomes (Rushworth, Walton, Kennerley, & Bannerman, 2004), 
and the ACC neurons that encode negative outcomes increased their activity with 
increasing presentations of negative outcomes (Kawai, Yamada, Sato, Takada, & 
Matsumoto, 2015). This increase in activity suggests that the ACC may be using the 
knowledge of previous outcomes in future decisions. Further support is shown by the 
finding that ACC neuron activity during decision-making reflected previous experience 
(Blanchard & Hayden, 2014), and when the ACC was lesioned, patients’ ability to answer 
using previous knowledge was disrupted (Sheth et al., 2012). Failing to use previous 
knowledge to help in decision-making is also seen when the ACC is suppressed or 
lesioned in non-human primates (Kennerley, Walton, Behrens, Buckley, & Rushworth, 
2006) or rats (Tervo et al., 2014). Additionally, the ACC was shown to be active when the 
subject was trying to resist bias as a result of a chance win (Scholl et al., 2015), so it seems 
that the ACC does not simply monitor the previous outcome but, rather the sum of relevant 
previous knowledge. 
Not only does the ACC consider previous outcomes, but it also encodes the value 
of potential future outcomes. ACC activity was correlated with whether to continue with 
the default option or switch to the alternative (Boorman, Rushworth, & Behrens, 2013; 
Hayden, Pearson, & Platt, 2011; Kolling, Behrens, Mars, & Rushworth, 2012). A ramping 
in activity is seen as the alternative becomes more appealing, and when the switch occurs, 
activity drops back to baseline again. This ACC activity is predictive of when the 
participant will swap away from the default option. Additionally, with increasing pressure 
(in the form of risk) to take the alternative choice, ACC activity also increases (Kolling, 
Wittmann, & Rushworth, 2014). 
It might be that the ACC is involved in updating the predictive model we have of 
the current environment and task, and uses both previous and potential future outcomes to 
help update the model. There is support for this proposal as an increase in ACC activity is 
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seen when the rules of the environment have changed, requiring an update to the predictive 
model (Khamassi, Quilodran, Enel, Dominey, & Procyk, 2015; O'Reilly et al., 2013). Also 
rats with an ACC lesion having difficulty adapting to the rule change and updating their 
model (Newman & McGaughy, 2011). 
Not only is ACC activity modulated by outcomes (reward/benefit) but also by the 
effort/cost required to obtain the outcome. For example, during a foraging task that 
required enduring a delay (cost) in order to acquire the reward, the ACC neurons encode 
either delay, reward, or both, and this was influenced by the previous reward (Blanchard & 
Hayden, 2014). Other studies found something similar with ACC neurons encoding either 
the cost, the benefit, or both in a variety of different tasks (Amemori, Amemori, & 
Graybiel, 2015; Amiez, Joseph, & Procyk, 2006; Cai & Padoa-Schioppa, 2012; Croxson, 
Walton, O'Reilly, Behrens, & Rushworth, 2009; Hayden et al., 2011; Hillman & Bilkey, 
2010; Hosokawa, Kennerley, Sloan, & Wallis, 2013; Kennerley & Wallis, 2009; Luk & 
Wallis, 2013; Porter, Hillman, & Bilkey, 2019; Wang, Shi, & Li, 2017). Therefore, it 
appears that the ACC is involved in performing a cost-benefit analysis that not only 
considers the current cost and benefit, but also previous experience. 
It was also observed that ACC neurons preferentially fire for the optimal choice, 
that is, the choice with smallest cost for the largest benefit (Figure 1.3). Therefore, when 
given the choice between higher effort for a higher reward (HCHR) and lower effort and 
lower reward (LCLR), the fact that the ACC neurons have an increased firing rate for the 
HCHR choice implies that this is the optimal choice, and behaviour corroborates this 
(Hillman & Bilkey, 2010). Performing a lesion or inactivation to the ACC in rats resulted 
in a decrease in effort expenditure (physical and cognitive) for a preferable reward that 
was not due to an inability to distinguish between rewards, a lack of preference, or 
difficulties with the tasks effort (Hart, Gerson, Zoken, Garcia, & Izquierdo, 2017; 
Hosking, Cocker, & Winstanley, 2014; Walton, Bannerman, Alterescu, & Rushworth, 
2003; Wang, Hu, Shi, & Li, 2017). Further suggesting that the ACC is part of the cost-
benefit analysis, as without it rats either placed greater weight on the cost and/or less 
weight on the benefit. Additionally, it was noted that only the ACC, and not the 
dorsolateral PFC or orbitofrontal cortex, had cells whose firing rate reflected a cost-benefit 
analysis and that this was the only region to encode both effort and delay costs, indicating 




Figure 1.3 Mean firing rate of ACC neurons in rats during a cost-benefit decision-making task, and the associated 
configuration. On day 1 rats had a choice between a low cost (LC; no barrier) and low reward (LR; 2 pellets), or a high 
cost (HC; barrier) and a high reward (HR; 6 pellets). Day 2 the cost was kept consistent for both choices so the choice 
was between HCLR and HCHR. Day 3 kept the reward consistent and offered a choice between LCLR and HCLR. Firing 
rate was calculated within the stem (decision-making region; blue box), pre-reward (cost region; red box), and reward 
(green box) regions. The firing rate of ACC neurons appears to reflect the optimal choice, either HCHR on day 1 and 2, 
or LCLR on day 3, thereby reflecting the choice that gives them the best cost reward ratio as perceived by the rats. Insert 
on graphs shows the average percentage of behavioural choices made for that option. Adapted from (Hillman & Bilkey, 
2010). 
 
In addition to the ACC being involved in the cost-benefit analysis it also appears to 
help drive motivation. In monkeys during an approach-avoidance task, ACC neurons were 
found to encode either; motivationally positive, or negative variables, and this led to either 
approach or avoidance respectively (Amemori et al., 2015; Amemori & Graybiel, 2012). 
ACC neurons were also found to ramp their activity from the point of choice to the reward 
(Blanchard, Strait, & Hayden, 2015), suggesting that they are part of the motivational 
signal in pursuit of the goal. However, inactivation of mice ACC neurons did not result in 
a dysfunction in motivation (same latency to reward as controls) (Koike et al., 2016). 
These results likely reflect that it is not the ACC exclusively that is driving motivation but 
rather its connection with other brain regions. The ACC activates the motivation centres as 
a result of its cost-benefit analysis. For example, in a task looking at motivation based on 
the current trial (contextual) versus motivation based on previous information (episodic), 
an fMRI revealed activation in the ACC was linked to episodic but not contextual 
motivation (Kouneiher, Charron, & Koechlin, 2009). Additionally, the ACC has a strong 
connection with the VTA which is involved in signalling motivational salience, and there 
is increased connectivity between the ACC and the ventral striatum when participants were 
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more willing to make effortful choices (Kolling et al., 2012), (Bromberg-Martin, 
Matsumoto, & Hikosaka, 2010). 
In summary the ACC appears to play a key role in decision-making, it does this by 
performing a cost-benefit analysis taking into account the cost required, the value of the 
benefit, and any relevant previous experience. It then uses this to signal the optimum 
choice and produces a motivation signal via its connection to other brain regions including 
the ventral striatum and the VTA. 
 
1.2.4 ACC dysfunction in schizophrenia 
Deficits in executive functioning (Szeszko et al., 2000) and negative symptoms 
(Fornito, Yung, et al., 2008) have been correlated to a reduced volume of the ACC in 
patients with schizophrenia, and a decrease in white matter volume correlated with more 
severe avolition symptoms (Ohtani et al., 2014). A general reduction in ACC grey matter 
and white matter volume is observed in patients (Ohtani et al., 2014; Szeszko et al., 2000). 
Whilst one study didn’t find a reduction in grey matter, they did find reduced overall 
volume with an increase in surface area which may have masked a reduction in grey matter 
(Fornito, Yucel, et al., 2008). Reductions in grey matter were also observed in the 
prodromal stage (Borgwardt et al., 2007; Fornito, Yung, et al., 2008; Pantelis et al., 2003), 
and differences in ACC morphometry even predicted time to psychosis onset. Some of this 
reduced volume may be due to the reduced number of ACC GABA interneurons that 
express the glutamate NMDA (Benes, McSparren, Bird, Sangiovanni, & Vincent, 1991; 
Woo, Walsh, & Benes, 2004). 
Glutamate irregularities have been highlighted within the ACC, although studies do 
not agree in which direction this irregularity falls. Some studies have found reduced levels 
of glutamate within the ACC in patients with schizophrenia (Gallinat, McMahon, Kühn, 
Schubert, & Schaefer, 2015), which correlates to cognitive (Reid et al., 2019; Wang et al., 
2019) and negative symptoms (Jauhar et al., 2018; Kumar et al., 2018). Additionally, 
patients failed to show a cognitive task-dependent increase in ACC glutamate that was 
observed in controls (Taylor et al., 2015). These results suggest that glutamate is reduced 
in the ACC in schizophrenia and this reduction is related to symptoms. However other 
studies have found patients display an increase in glutamate in the ACC (Kim et al., 2018; 
Merritt, Egerton, Kempton, Taylor, & McGuire, 2016). It may be that this reduced 
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glutamate is associated with anti-psychotic treatment as it was seen that after 4 weeks of 
treatment glutamate levels decreased (Egerton et al., 2018). Alternatively it might be due 
to differences in the aetiology, as treatment-resistant patients with schizophrenia have 
increased glutamate in the ACC compared to treatment-responsive patients (Egerton et al., 
2018; Mouchlianitis et al., 2016; Tarumi et al., 2020). 
Given that glutamate, and its NMDA receptor on GABA interneurons, have been 
shown to be important for connectivity between regions, and are dysfunctional in 
schizophrenia, it is likely that the ACC will also show dysconnectivity. During resting-
state functional connectivity, hemispheric differences were observed with patients’ left 
ACC showing increased connectivity with PFC and hippocampus relative to controls, 
whilst the right ACC had decreased connectivity with these regions (Cui et al., 2015). 
Reduced resting-state functional connectivity was also observed between the ACC and 
both the striatum (Shukla et al., 2019), and the thalamus (Ferri et al., 2018). Task-
dependent differences are also observed, as analysis during a memory task revealed that 
there was reduced modulation of the frontal-hippocampal network by the ACC in patients 
during encoding but increased modulation during retrieval (Woodcock, Wadehra, & 
Diwadkar, 2016). It may be that due to deficits in encoding, there is an increase in activity 
required to retrieve. It is not only memory deficits that have been associated with reduced 
connectivity. When performing a task that required goal-directed behaviour, which can be 
affected by both cognitive and negative symptoms, the ACC has reduced involvement in a 
task-relevant connectivity network in at-risk patients (Lord et al., 2011). 
Dysfunctional activity within the ACC has been observed in relation to cognitive 
symptoms. Meta-analyses by Alústiza, Radua, Pla, Martin, and Ortuño (2017) and 
Minzenberg, Laird, Thelen, Carter, and Glahn (2009) revealed that patients with 
schizophrenia have reduced ACC activity compared to controls during tasks requiring 
cognitive control. Of note, it has been observed that there was reduced activation of the 
ACC when selective attention was required (Carter, Mintun, Nichols, & Cohen, 1997; 
Liddle, Laurens, Kiehl, & Ngan, 2006). However, this reduction did not always reflect 
decreased task performance, possibly as the task was not sensitive enough to pick up 
smaller behavioural deficits or the reduced activity was too small to produce behavioural 
deficits. Additionally, salient outcomes resulted in an increase in activity in the ACC in 
controls but not patients (Walter, Kammerer, Frasch, Spitzer, & Abler, 2009), implying 
that the reduced activity in the ACC may be related to a reduction in appropriate salience 
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attribution. In a study that compared activation during a cognitive task versus rest it was 
revealed that patients with schizophrenia showed increase activation in the ACC during 
rest and reduced activation during the task compared to controls (Nygard et al., 2012). 
Therefore, there may be less differentiation between salient and non-salient events in 
patients due to decreased variability of ACC activity, which correlates with the theory of 
aberrant salience attribution. 
Decision-making tasks also reveal dysfunction within patients’ ACC in 
schizophrenia. For example, working memory is required to maintain the variables 
associated with the decision. In healthy controls an increase in ACC activity is observed 
when working memory load increases, however this was not observed in patients with 
schizophrenia (Dauvermann et al., 2017; Jalbrzikowski et al., 2018). Interestingly, a 
difference in activation was observed when comparing anticipatory working memory with 
simple remembering (Quintana, Wong, Ortiz-Portillo, Marder, & Mazziotta, 2004). 
Controls only showed activation in the ACC when anticipatory working memory was 
required, and patients only showed ACC activation in simple remembering. Additionally, 
the ACC also had reduced activation during reward anticipation that correlated with 
subjective well-being in patients (Gilleen, Shergill, & Kapur, 2015; Walter et al., 2009). 
Therefore, it may be that reduced activation of the ACC in relation to anticipation is an 
aspect of avolition in patients. Indeed avolition was linked to a lack of ACC activation 
when approaching a reward, a change that was ordinarily seen in healthy controls (Park et 
al., 2015). Further to this, patients with schizophrenia also have reduced signalling in their 
ACC in relation to error processing (Carter, MacDonald, Ross, & Stenger, 2001; Laurens, 
Ngan, Bates, Kiehl, & Liddle, 2003; Minzenberg, Gomes, Yoon, Swaab, & Carter, 2014). 
In both healthy controls and patients, ACC activation correlated with a decrease in errors, 
however this correlation was significantly shallower in patients (Polli et al., 2008). These 
results suggest that patients are failing to incorporate the error into future decision-making, 
and if patients make more errors as a result, they are likely to feel less motivated. 
In summary, due to deficits in the ACC correlating with both cognitive symptoms 
and negative symptoms in schizophrenia (Ashton, Barnes, Livingston, Wyper, & Scottish 
Schizophrenia Res, 1999; Sabri et al., 1997), the ACC may prove a valuable target for the 




1.3 Ventral tegmental area (VTA) 
The ACC connects to the VTA (Gabbott et al., 2005; Hoover & Vertes, 2007), and 
this connection likely underlies the generation of a motivational signal (Bromberg-Martin 
et al., 2010). Additionally this connection is dysfunctional in schizophrenia and links to 
negative symptoms (Park et al., 2017). Furthermore, the VTA itself may have 
abnormalities in schizophrenia, for example, related to the dopamine hypothesis, as the 
VTA contains many dopaminergic neurons (Bjorklund & Dunnett, 2007). 
 
1.3.1 Anatomy of ventral tegmental area 
The VTA is located in the midbrain, and is largely conserved across species in both 
anatomy and function (Figure 1.4a) (Puig, Rose, Schmidt, & Freund, 2014). The VTA is 
one of the main sources of dopamine-releasing neurons (Bjorklund & Dunnett, 2007). 
These dopamine neurons have been classified as the A10 cell group, which consists of 
several nuclei; the parabrachial pigmented and paranigral nuclei, and occasionally caudal 
linear nucleus, interfascicular nucleus, and the rostral linear nucleus of the raphe (Figure 
1.4b) (Morales & Margolis, 2017; Swanson, 1982). 
 
Figure 1.4 (a) Ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) projections in primate and rat 
brains. PFC, prefrontal cortex. Taken from (Puig et al., 2014). (b) Ventral tegmental area (A10) location (highlighted in 
red) and its subregions. CLi, caudal linear nucleus; IF, interfascicular nucleus; mt, medial terminal nucleus of the 
accessory optic tract; PBP, parabrachial pigmented nucleus; PN, paranigral nucleus; SNC, substantia nigra pars 




The dopamine neurons within the VTA can be divided by their protein and receptor 
expression into five groups that are differentially localised to the various nuclei (Figure 
1.5) (Li, Qi, Yamaguchi, Wang, & Morales, 2013). However, only about 55% of neurons 
in the VTA are dopaminergic  (Margolis, Lock, Hjelmstad, & Fields, 2006). There are also 
many GABA (approx. 23%) (Margolis, Toy, Himmels, Morales, & Fields, 2012) and 
glutamate neurons in the VTA (Yamaguchi, Sheen, & Morales, 2007). Some of these 
neurons are also classed as combination neurons, as they express two neurotransmitters. 
 
Figure 1.5 The VTA 
cytoarchitecture and sub-regions. 
Coronal slices that have been 
stained, revealing dopamine 
neurons that express tyrosine 
hydroxylase. (A) to (C) represent 
anterior to posterior coronal 
sections. CL, central (or caudal) 
linear nucleus raphe; fr, fasciculus 
retroflexus; IF, interfascicular 
nucleus; IP, interpeduncular 
nucleus; ml, medial lemniscus; 
PBP, parabrachial pigmented area; 
PFR, parafasciculus retroflexus 
area; PN, paranigral nucleus; R, 
red nucleus; RL, rostral linear 
nucleus raphe; RR, retrorubral 
nucleus; scp, superior cerebellar 
peduncle; SNC, substantia nigra 
compact part; SNR, substantia nigra 
reticular part; SUM, 
supramammillary nucleus; vtd, 
ventral tegmental decussation. 








VTA neurons project to, and receive inputs from, many brain regions including the 
ACC as part of the medial PFC (Figure 1.6) (Aransay, Rodriguez-Lopez, Garcia-Amado, 
Clasca, & Prensa, 2015; Beier et al., 2015; Bromberg-Martin et al., 2010; Carr & Sesack, 
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2000). Many of these connections fall into one of two major dopaminergic systems; the 
mesolimbic pathway that connects the VTA to the basal forebrain and nucleus accumbens, 
and the mesocortical pathway that connects the VTA to the cortex. The VTA is also linked 
to the DMN (Hadley et al., 2014), and SN functional connectivity networks (Conio et al., 
2020). Although due to difficulties differentiating the VTA from the substantia nigra in 
fMRIs, studies commonly report activity located in this region as coming from both areas. 
 
 
Figure 1.6 Ventral tegmental area (VTA) connections throughout the brain and their neuronal properties. (a) 
Glutamatergic and GABAergic projections to VTA dopamine neurons. (b) Glutamatergic and GABAergic projections to 
VTA GABA neurons. (c) VTA GABA neuron projections. (d) VTA glutamate and glutamate-GABA neuron projections. (e) 
VTA dopamine, dopamine-glutamate, and dopamine-GABA neuron projections. BNST, bed nucleus of the stria 
terminalis; DRN, dorsal raphe nucleus; LDTg, laterodorsal tegmentum nucleus; LHb, lateral habenula; LHT, lateral 
hypothalamus; nAcc, nucleus accumbens; PAG, periaqueductal grey; PPTg, pedunculopontine tegmentum; PV, 
parvalbumin expressing; RMTg, rostromedial mesopontine tegmental nucleus; VP, ventral pallidum. Taken from 
(Morales & Margolis, 2017). 
 
Dopamine neurons in the VTA transmit in two patterns; either tonic or phasic 
(Grace & Bunney, 1983). Tonic signalling maintains baseline activity, whilst phasic 
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involves either an increase or decrease in their firing rates for several seconds (Schultz, 
2007). This phasic firing of dopamine might be how the VTA signals motivation (Berke, 
2018).  
 
1.3.4 Function of ventral tegmental area 
As the VTA is one of the major sources of dopamine neurons its function is 
commonly tied with the function of dopamine in the brain. Dopamine was originally 
thought to signal reward however its role is now regarded as more complex. This is 
because not only have dopamine neurons been observed encoding reward, but also 
aversive events and stimuli. Therefore current thinking is that dopamine signals 
motivation, although two types of motivational signals have been observed (Bromberg-
Martin et al., 2010). Some dopamine neurons show increased activity in response to 
reward but decrease their activity in response to aversive events/stimuli, these neurons are 
classed as signalling motivational value. Other dopamine neurons show increased activity 
for either rewarding or aversive events/stimuli, and these are classed as signalling 
motivational salience. VTA dopamine neurons that project to the ventromedial prefrontal 
cortex (including the ACC) appear to predominantly be involved in signalling motivational 





Figure 1.7 Hypothesised dopamine motivational salience and value projections and their location within the midbrain. 
Motivational salience dopamine neurons project predominantly from the substantia nigra pars compacta (SNc) towards 
the nucleus accumbens (NAc) core, dorsal striatum, and dorsolateral PFC (DLPFC). Motivation value dopamine 
neurons project predominantly from the VTA towards the NAc shell, dorsal striatum, and ventromedial PFC (VMPFC). 
Taken from (Bromberg-Martin et al., 2010). 
 
Support for VTAs role in motivation is seen as VTA (theta oscillations; 4-12Hz) 
activity increased during rewarding situations (Elston & Bilkey, 2017; Kim, Wood, & 
Moghaddam, 2012). It was noted that VTA activity showed ramping as the rat approached 
the reward (Berke, 2018; Howe, Tierney, Sandberg, Phillips, & Graybiel, 2013), and 
increased further when effort was absent (Elston & Bilkey, 2017). Additionally, electrical 
microstimulation of the VTA in monkeys can influence cue preference. Specifically if the 
area is stimulated whilst the least preferred cue is present, preference switches to this cue, 
and this effect becomes more pronounced over time as positive feedback occurs 
(Arsenault, Rima, Stemmann, & Vanduffel, 2014). It was also found that VTA stimulation 
resulted in a Pavlovian association, so that even when stimulation was stopped cue 
preference was still toward the cue associated with the stimulation. This association 
suggests that the VTA is integral in motivation towards cues. A reward-seeking task that 
had a risk of punishment revealed that whilst a peak in VTA theta (5-15Hz) was seen in 
punishment-free trials, there was a decrease in trials with a risk of punishment (Park & 
Moghaddam, 2017). Similarly it was also observed that the midbrain (substantia 
nigra/VTA) activity also reflected the degree of effort (cost) required to achieve a reward 
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(Croxson et al., 2009). Therefore, this supports the theory that the VTA is primarily 
involved in motivational value instead of salience as activity reflects whether the 
event/stimulus is rewarding or aversive, and the cost associated to it. 
However, it does appear that the VTA is partially involved in motivational 
salience. In trials with an increased attentional load the VTA shows increased activity 
(Köhler, Bär, & Wagner, 2016), indicating VTA’s involvement in selective attention. As 
selective attention requires salience to be placed on the relevant stimuli it may be that this 
increase in activity in the VTA reflects motivational salience signalling. Additionally it has 
been observed that the VTA, via a loop with the hippocampus and nucleus accumbens, is 
involved in the signalling of novelty (Legault & Wise, 2001; Lisman & Grace, 2005; 
Schott et al., 2004). However, whilst VTA neurons demonstrate increased activity in 
response to salient sensory stimuli, this activity can persist even after multiple 
presentations (Horvitz, Stewart, & Jacobs, 1997). Bromberg-Martin et al. (2010) 
hypothesised that not only do dopamine neurons signal motivational value or salience, but 
they also fire in response to something alerting (e.g. novelty or neutral salience). 
Therefore, it might be that the VTA is initially signalling alert before it signals 
motivational value. 
The VTA also appears to be involved in memory through its connection to the 
hippocampus. Co-activation of the VTA and hippocampus has been observed during 
episodic memory formation (Schott et al., 2004), and appears to enhance memory 
formation (Wittmann et al., 2005). This is consistent with the finding that motivational 
value can enhance memory (Schomaker & Wittmann, 2017). Additionally, the VTAs link 
with the PFC has been implicated in working memory (Tanaka, 2006). Indeed, another 
study noted that a peak in 2-5Hz oscillations both within the VTA, and coherence to the 
PFC, was correlated with working memory particularly at the decision-making point of the 
task (Fujisawa & Buzsaki, 2011). This is perhaps unsurprising given the need to refer to 
memory to understand what is rewarding and what is aversive. 
The VTA appears to have a role in the motivation value applied to events or 
stimuli, with an increase in activity associated with rewarding stimuli and decreased 
activity associated with aversive stimuli. Additionally, it has roles in alerting salience, and 




1.3.3 VTA Dysfunction in schizophrenia 
As the VTA is one of the primary sources of dopamine, and dopamine is 
documented to be disrupted in schizophrenia, we might expect that the VTA shows 
dysfunction in patients. Whilst it is difficult to examine non-invasively it has been 
observed that patients with schizophrenia have abnormal midbrain morphology and 
reduced VTA activity which correlates with the severity of psychotic symptoms 
(Nopoulos, Ceilley, Gailis, & Andreasen, 2001; Yamashita et al., 2016). Given the link 
between psychosis and dopamine, it may be that these morphological changes reflect 
dopamine dysfunction within the midbrain. Additionally, as the VTA and substantia nigra 
have roles in motivational salience, it may be that the dopamine dysfunction results in 
aberrant attribution of salience which is hypothesised to be the root of psychosis. Support 
for this proposal is seen as patients with schizophrenia have a reduced connectivity 
between the midbrain and the insula, which along with the ACC forms the salience 
network (Gradin et al., 2013), and increased connectivity between the VTA/substantia 
nigra and nucleus accumbens (Park et al., 2017), is associated with increased severity of 
psychotic symptoms in patients. 
First-episode psychosis patients also show reduced activity in the VTA in response 
to salient stimuli, interestingly this also correlated with severity of negative symptoms as 
well as psychosis (Knolle et al., 2018). It may be that the due to the VTAs role in 
motivational value, a decrease in activity may mean patients place less motivational value 
on the stimuli resulting in avolition. Similarly whilst performing a selective attention task 
patients with schizophrenia show reduced activation in the VTA that was unrelated to 
attentional load, but correlated with negative symptom severity (Köhler, Wagner, & Bär, 
2019), possibly indicating that deficits in the task are due to decreased motivation rather 
than difficulties with attention. Reduced functional connectivity between the VTA and 
several other brain regions (insular cortex, ventrolateral PFC, lateral occipital complex) 
has also been linked to avolition in patients (Giordano, Stanziano, et al., 2018; Hadley et 
al., 2014; Park et al., 2017). Similarly, social avolition is associated with reduced 
connectivity between the VTA and PFC, temporoparietal junction, and striatum (Xu et al., 
2019). However, not only has it has been observed that patients show reduced VTA 
activity in response to rewarding stimuli (Rausch et al., 2014), but the VTA also had 
increased activity relative to controls for neutral stimuli (Murray et al., 2008). This 
difference in activity suggests that there is dysfunction in the motivational value assigned 
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to the stimuli rather than just a general decrease in motivation. Behaviourally, patients with 
schizophrenia were only significantly different to controls for the neutral stimuli, where 
they showed increased motivation, indicating that, as observed in the ACC, not all 
differences in VTA activity reflect in behaviour. Additionally, during a working memory 
task where behaviour did not differ between patients and controls, patients show reduced 
VTA activation (Dauvermann et al., 2017). It may be that patients are using a 
compensatory functional connectivity network resulting in differing connectivity but not 
behaviour. 
Therefore, it appears that dysfunction in the VTA is linked to deficits in motivation 
value, which may in turn lead to avolition. This dysfunction also correlates with the theory 
of aberrant attribution of salience, with VTA activity linked to increased motivational 
value placed on irrelevant stimuli (positive symptoms) and decreased activity linked to 
decreased motivational value placed on relevant stimuli (negative symptoms).  
 
1.4 Anterior cingulate cortex and ventral tegmental area connectivity 
VTA and ACC are interconnected (Gabbott et al., 2005; Hoover & Vertes, 2007). 
This reciprocal connection may be the basis of how the ACC provides a motivation signal 
based on its cost-benefit analysis (Amemori et al., 2015; Amemori & Graybiel, 2012). 
Additionally, as both regions have been demonstrated to be dysfunctional in schizophrenia, 
we might expect to see dysfunction in their connectivity as well. 
1.4.1 Anatomy of the connection 
Several different experiments have examined the reciprocal connection between the 
ACC and the VTA. Stimulation of the ACC neurons resulted in dopamine neurons firing 
within the VTA, whilst stimulation of the VTA resulted in changes to ACC activity 
(Arsenault et al., 2014; Settell et al., 2017). Additionally, retrograde tracer injected into the 
VTA resulted in ACC cell labelling (Figure 1.8) (Gabbott et al., 2005), and vice versa with 
injection into the ACC resulting in cells labelled within the VTA (Breton et al., 2019; 
Hoover & Vertes, 2007). This connection is also part of the mesocortical dopamine 
pathway that connects the VTA to the neocortex (including the ACC) (Aransay et al., 
2015), with these dopamine neurons part of the subgroup that lacks D2 receptors (Lammel 
et al., 2008). However, projections between the two areas not only involve dopamine 
(about 23%) but also GABA neurons (about 40% contralateral and 20% ipsilateral) 
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(Breton et al., 2019). There are also dopamine/glutamate combination neurons that project 
towards the ACC (Yamaguchi et al., 2007). Conversely, ACC neurons that project to the 
VTA are predominantly glutamate neurons (Geisler & Wise, 2008). Functional 
connectivity analyses have also revealed the link between the two regions (Murty et al., 
2014; Richter & Gruber, 2018; Wei, Hu, Yuan, Liu, & Chen, 2018).  
 
 
Figure 1.8 (a) Density on a flat-map of projections from the VTA to the ipsilateral layer 5 of cortical areas. Created by 
injecting a retrograde tracer into the VTA. Density scale reflects number of labelled cells. (b) Regions of the flat-map. 
ACd= dorsal anterior cingulate cortex (area 24b), AId= dorsal anterior insular cortex, AIv= ventral anterior insular 
cortex, DP= dorsal peduncular cortex, GU= gustatory insular area, IL= infralimbic cortex (area 25), MOp= primary 
motor area, MOs= secondary motor area, OBl= lateral orbital cortex, OBm= medial orbital cortex, OBvl= 
ventrolateral orbital cortex, PL= prelimbic cortex (area 32), SSp= primary somatosensory cortex, VP= ventral 
peduncular cortex. Taken from (Gabbott et al., 2005). 
 
1.4.2 Function of the connection 
The ACCs connection to the VTA appears to play a role in decision-making. ACC 
directed coherence to the VTA (delta; 2-5Hz) was linked to the absence of effort, with the 
ACC potentially signalling to the VTA as a motivational signal (Elston & Bilkey, 2017). 
In a cost-benefit decision-making task that included a reversal, differences were found in 
coherence (delta; 2-5Hz) during the decision-making point (Elston, Croy, & Bilkey, 2019). 
The task had a choice between a higher cost but a higher reward (HCHR) along one arm of 
a T-maze, and a lower cost but lower reward (LCLR) along the other arm, with the choices 
swapping arms part way through the session. It was observed that directed coherence from 
the ACC to VTA increased leading up to the reversal for LCLR choices, before returning 
to baseline post-reversal. However, post-reversal HCHR choices had an increase in the 
ACC to VTA coherence. Therefore, it is thought that the ACC may have been producing a 





reversal, as this position would soon become the HCHR choice. The increase in coherence 
post-reversal could reflect the ACC updating the predictive model and motivating via the 
VTA to maintain behaviour according to this new model. The ACC to VTA signalling also 
decayed with habituation. Whilst an increase in VTA activity in response to motivational 
value has been shown to be partly driven by the ACC (Elston & Bilkey, 2017), the VTA 
was also found to influence the ACC during feedback in the 2-5Hz oscillation band 
(Elston, Kalhan, & Bilkey, 2018), specifically during the reward zone of an incorrect trial 
and the subsequent choice. Additionally, in trials with an increased attentional load the 
VTA shows increased connectivity with the ACC (Köhler et al., 2016). Overall, these 
results on the connection between the ACC and VTA suggest this reciprocal connection is 
important in motivation and receiving feedback on outcomes.  
 
1.4.3 Dysconnectivity of the ACC and VTA in schizophrenia 
During a cost-benefit task it was observed that there is dysfunction in 
schizophrenia in the mesocortical pathway, specifically a loss of connectivity between the 
VTA/substantia nigra to the orbitofrontal cortex and the ACC, which occurs during the 
task but not during resting state, and this was correlated with reduced anticipation of 
rewards (Park et al., 2017). This reduced connectivity between the ACC/ orbitofrontal 
cortex and VTA/ substantia nigra could be linked to avolition as reduced anticipation of 
rewards means patients are less likely to put in the effort to acquire them. Additionally, 
decreased connectivity between the ACC and VTA was correlated with social avolition in 
patients (Xu et al., 2019). The deficit in connectivity between the two regions therefore 
appears to be important in avolition. Connectivity between ACC and VTA was reduced 
even in drug naïve patients with schizophrenia, therefore this deficit is not a side-effect of 
medication (Hadley et al., 2014).  
 
1.5 Risk factors in schizophrenia 
To understand in greater detail what may be happening with the ACC and the 
VTA, and how their activity links to symptoms in schizophrenia, an animal model needs to 





Schizophrenia is a disorder with many associated risk factors (genetic and 
environmental), which is perhaps unsurprising given the heterogeneity of the disorder. 
Whilst many genes have been implicated, no singular genetic mutation has been shown to 
result in schizophrenia (Henriksen, Nordgaard, & Jansson, 2017). Similarly, no single 
environmental factor results in schizophrenia, with both genetic mutations and 
environmental factors increasing susceptibility. Environmental factors can be divided into 
two categories; pre-natal (maternal stress, maternal infection, malnutrition, pregnancy 
difficulties, or birth difficulties) and post-natal (malnutrition, viral infection, drug use, 
childhood trauma, immigration, socioeconomic factors), and many of these have been 
discovered in epidemiological studies (Davis et al., 2016; Owen, Sawa, & Mortensen, 
2016). 
The average age onset of schizophrenia is around 25 years for males, and around 
27 years for females (Häfner, Maurer, Löffler, & Riecher-Rössler, 1993). Despite this gap 
between age of symptom onset and exposure to many of the environmental risk factors and 
genetic mutations, schizophrenia is commonly seen as a neurodevelopment disorder as 
opposed to a neurodegenerative disorder (Fatemi & Folsom, 2009). This view of 
schizophrenia as a developmental disorder is primarily due to the fact that most symptoms 
develop post-puberty and are not seen to slowly develop from the time of insult onwards, 
as would be the case if it were neurodegenerative. The hypothesis referred to as the ‘two-
hit’ model suggests that genetic and environmental insults during gestation cause 
abnormalities in brain development that make it less resilient to stressors later in life. Then 
during adolescence, when stressors are more prevalent and the brain is going through a 
maturation process, schizophrenia can develop (Figure 1.9) (Keshavan, 1999). 
Additionally, it has been found that there is a large change in gene expression that peaks at 





Figure 1.9 Potential effect of genetic and environmental factors on neurodevelopment in schizophrenia. Three stars on 
the left represent a genetic or environmental risk, followed by a potential further insult from an environmental risk later 
in life (represented by the two stars in the centre). The lines on the graph show processes that are hypothesised to be 
affected in schizophrenia. With mesocortical dopamine part of the dopamine hypothesis, glutamate synapses are the 
proposed abnormality in the glutamate hypothesis, and myelination and interneurons are involved in connectivity. Data 
provided to create the interneuron maturation is the interneuron response to D2 agonists in the PFC (Tseng & 
O'Donnell, 2007). Levels of tyrosine hydroxylase are used to produce the mesocortical dopaminergic projection (Lambe, 
Krimer, & Goldman-Rakic, 2000). Data for the glutamatergic synapse density and myelination is taken from Bourgeois 
and Rakic (1993) Giedd et al. (1999). Image taken from Jaaro-Peled et al. (2009). 
 
1.5.2 Maternal immune activation (MIA) 
One risk factor for schizophrenia is the activation of the maternal immune response 
(MIA) during pregnancy (Barr, Mednick, & Munk Jorgensen, 1990; Brown, Begg, et al., 
2004; Brown et al., 2005; Sorensen, Mortensen, Reinisch, & Mednick, 2009). This was 
originally discovered because there was an increase in the diagnosis of schizophrenia in 
people who were born during influenza epidemics (Barr et al., 1990). There was some 
variability in the results of these original studies, likely due to many of them treating all 
mothers that were pregnant during the epidemic as being exposed (Brown & Derkits, 
2010). Subsequently studies have looked at data that included symptom description, a 
diagnosis, or serological information, that allowed investigators to determine if the mother 
was exposed to the infection. The results of these studies revealed that exposure to an 
infection, not just influenza, results in an increase in the likelihood of offspring developing 
schizophrenia (Brown, Begg, et al., 2004; Brown et al., 2005; Sorensen et al., 2009). 
Additionally the risk of developing schizophrenia increased further when there had been a 
family history of psychosis (possible genetic risk factors), in addition to the mother being 




It appears that activation of the mothers’ immune system during the first half of the 
pregnancy (primarily the first trimester) increases the risk of the offspring developing 
schizophrenia (Barr et al., 1990; Brown, Begg, et al., 2004; Sorensen et al., 2009). 
Specifically it is noted that infection results in elevated levels of cytokines  (Brown, 
Hooton, et al., 2004; Buka et al., 2001), which can then cross the placenta and affect the 
offspring’s brain development (Canetta & Brown, 2012; Meyer, Nyffeler, et al., 2006). 
This abnormal brain development may be due to the fact that cytokines are important in 
neurodevelopment for neurogenesis, neural differentiation (Deverman & Patterson, 2009), 
and plasticity (Stellwagen & Malenka, 2006). It is also observed that gene expression can 
be affected by maternal immune activation, including genes that have previously been 
associated with schizophrenia (Fatemi et al., 2008). 
 
1.6 Maternal immune activation (MIA) animal model of schizophrenia 
1.6.1 Method of producing MIA model 
An animal model of schizophrenia has been based on this risk factor, however, the 
method by which MIA animals are created varies. Pregnant rat or mice dams are injected 
with either lipopolysaccharide (LPS; mimics bacterial infection), influenza virus, or 
polyinosinic-polycytidylic acid (poly I:C; mimics viral infection). Administration of the 
compound has been either intraperitoneally, intravenously, or subcutaneously, and dosage 
also varies (Boksa, 2010). Some studies have given multiple injections from two 
consecutive days to every day during the pregnancy, whilst others have only given one 
dose during the pregnancy. The gestation day (GD) on which the substance is administered 
also varies. Typically, administration occurs at the time in development of rodents that 
approximates the first trimester of pregnancy in humans. For rats this is up to GD19, and 
for mice up to GD16 (Clancy, Darlington, & Finlay, 2001). 
Despite variation in the substance and its administration it has been found they all 
produce a similar immune response, including elevated levels of cytokines, as well as 
deficits similar to the symptoms seen in patients with schizophrenia (Boksa, 2010; Doukas, 
Cutler, & Mordes, 1994; Luheshi, 1998; Meyer, Nyffeler, et al., 2006). These behavioural 
deficits are no longer seen when poly I:C injection is co-administered with a cytokine 
antibody, or in cytokine-overexpressing mice, or cytokine-knockout mice, further 
suggesting the involvement of cytokines in the development of schizophrenia (Meyer, 
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Murray, et al., 2008; Smith, Li, Garbett, Mirnics, & Patterson, 2007). Similarly to 
observations in patients with schizophrenia, the emergence of behavioural deficits are 
typically only seen post-puberty (Meyer, Schwendener, Feldon, & Yee, 2006; Zuckerman, 
Rehavi, Nachman, & Weiner, 2003; Zuckerman & Weiner, 2003), whilst those that are 
observed in the prodrome of patients, for example PPI (Quednow et al., 2008), are found 
pre-puberty in the animal model as well (Wolff & Bilkey, 2010). Additionally, 
administration of anti-psychotic drugs results in a reduction of deficits in the animal model 
(Borrell, Vela, Arevalo-Martin, Molina-Holgado, & Guaza, 2002; Ozawa et al., 2006; 
Zuckerman et al., 2003; Zuckerman & Weiner, 2005). 
Whilst varying the timing of injection does not affect the immune response in the 
mother, it does have an effect on the degree and kind of deficits observed in the offspring 
(Guma, Plitrnan, & Chakravarty, 2019; Meyer, Nyffeler, Yee, Knuesel, & Feldon, 2008). 
This does align with human studies where immune activation during late gestation has a 
reduced risk for schizophrenia and its associated deficits. It could be that the immune 
response affects those areas of the brain that are in development at the time of infection. 
For example, injection in the mid-gestation (GD10-14) of rodents appears to have the 
greatest effect on ACC dysfunction, with smaller effects seen before or after this time. 
 
1.6.2 Behavioural deficits in the MIA model 
As previously mentioned, information processing has been shown to be disrupted 
in patients with schizophrenia. In the MIA model this has also been well documented, with 
MIA animals displaying reduced latent inhibition (Smith et al., 2007; Zuckerman et al., 
2003; Zuckerman & Weiner, 2003), and pre-pulse inhibition (PPI) (De Felice et al., 2019; 
Howland, Cazakoff, & Zhang, 2012; Luchicchi et al., 2016; Meehan et al., 2017; Meyer, 
Nyffeler, Yee, et al., 2008; Ozawa et al., 2006; Wolff & Bilkey, 2008, 2010; Zhang & van 
Praag, 2015) compared to controls. As PPI is found across species it makes it an attractive 
tool for testing the model’s efficacy.  
MIA animals also display memory deficits, similar to that seen in patients with 
schizophrenia. These deficits have been observed in object recognition memory, with MIA 
animals showing reduced memory of previously presented objects and treating them 
similarly to novel objects (Luchicchi et al., 2016; Ozawa et al., 2006; Wolff, Cheyne, & 
Bilkey, 2011). Although one study found that object recognition was intact, however MIA 
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animals did show reduced memory for object’s locations (Howland et al., 2012). 
Experiments in spatial working memory also revealed that MIA animals showed memory 
deficits compared to controls (Meyer, Nyffeler, Yee, et al., 2008; Zhang & van Praag, 
2015), although others have found this intact (Savanthrapadian et al., 2013), likely due to 
different methods. Additionally deficits in working memory in a level pressing task 
(Meehan et al., 2017), and an odour memory task were also seen (Murray, Davies, Molder, 
& Howland, 2017). This deficit matches with the reduced working memory capacity 
observed in schizophrenia, however as in humans, these memory deficits may be due to 
deficits in attention, motivation, or behavioural flexibility. Indeed, when the working 
memory task involved a reversal it was noted that MIA animals made more perseverative 
errors (Savanthrapadian et al., 2013). 
Studies of reversal learning and behavioural flexibility in the MIA model reveals 
that there is no difference in learning between MIA animals and controls before reversal, 
while post-reversal learning is impaired and MIA animals make more preservative errors 
(Han, Li, Meng, Shao, & Wang, 2011; Kleinmans & Bilkey, 2018; Meyer, Nyffeler, et al., 
2006; Millar, Bilkey, & Ward, 2017; Savanthrapadian et al., 2013; Wallace, Marston, 
McQuade, & Gartside, 2014; Zhang, Cazakoff, Thai, & Howland, 2012). However some 
studies found rapid learning or over-switching in the MIA animals post-reversal (Wolff et 
al., 2011; Zuckerman & Weiner, 2005). A comparison of both these latter studies to those 
that found impaired learning using similar methods (Han et al., 2011; Meyer, Nyffeler, et 
al., 2006; Savanthrapadian et al., 2013), suggests that having a different interval length at 
the reversal compared to the intertrial interval (e.g. five second intertrial interval and one 
minute interval at reversal) results in rapid instead of impaired learning. It might be that 
MIA rats treated the reversal as a completely new session and disregarded (were not biased 
by) or forgot previous knowledge when the interval was long.  
Zhang et al. (2012) conducted an experiment that had two reversals, the first of 
which involved a change in what they were responding to (perceptual), whilst the second 
required a change in how they responded (response). Following the first reversal MIA 
animals displayed increased perseveration compared to controls, however for the second 
reversal no difference was seen. The lack of difference in perseveration between MIA and 
control animals after the second reversal, is due to an increase in perseveration in control 
animals. The control animals may have increased perseveration as the type of reversal 
differed from the first, a response change instead of perceptual change. However, as the 
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MIA animals’ perseveration did not increase further it could be that they do not recall the 
previous reversal due to deficits in working memory. 
The behavioural inflexibility observed in MIA animals may have had an impact on 
avolition research. In a progressive ratio task MIA rats put in more effort to obtain larger 
rewards (increased breakpoint) than control rats (Millar et al., 2017). This effect was not 
due a general increase in activity or aberrant salience but may be due to increased 
perseveration. In comparison, another MIA study found no difference in breakpoints, nor 
did they find any evidence of perseveration (Straley et al., 2017). Differences between 
these two studies may reflect the differences in MIA production. Additionally in a 
cognitive task, no difference in omitted trials was observed between MIA and control 
animals, suggesting no differences in motivation with regards to cognitive effort (Bates, 
Maharjan, Millar, Bilkey, & Ward, 2018). Overall, these results suggest that motivation is 
intact in the MIA model, however no study has yet investigated avolition by giving the 
animal a choice between different effort and reward levels, as utilised in cost-benefit 
decision-making tasks. 
MIA animals also show reduced exploration in an open field compared to controls, 
which may reflect decreased motivation or increased anxiety, although this was only seen 
in the early MIA model (GD9, but not GD17) (Meyer, Nyffeler, et al., 2006). Therefore, as 
this deficit appears to occur as a result of an earlier maternal immune response, avolition 
may also be due to an earlier maternal immune response. 
Increased locomotion is suggested to be a behavioural demonstration of increased 
dopamine, and possibly positive symptoms (van den Buuse, 2010). Varied results are seen 
when observing general locomotive behaviour within an open field, with some studies 
finding no differences between MIA and control animals (Meehan et al., 2017; Straley et 
al., 2017; Vorhees et al., 2012, 2015), and other studies finding that locomotion was 
increased in the MIA model (da Silveira et al., 2017; Howland et al., 2012). Similarly, 
mixed results were seen when examining the effect of drug administration on locomotion. 
When amphetamine (a dopamine receptor agonist that can cause acute psychosis) was 
administered, MIA animals showed reduced locomotion compared to controls shortly after 
administration, but locomotion increased relative to controls as time progressed (Straley et 
al., 2017). Whilst some studies only found increased locomotion in MIA animals initially 
(Meyer, Nyffeler, Schwendener, et al., 2008; Straley et al., 2017; Vorhees et al., 2012, 
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2015), other studies found no difference at all (Meehan et al., 2017). MK-801 (an NMDA 
antagonist that can induce both positive and negative symptoms) administration during 
adulthood resulted in reduced locomotion in MIA animals relative to controls (Vorhees et 
al., 2012, 2015). However, other studies failed to find a difference (Meehan et al., 2017), 
only observed reduced locomotion in pre-puberty (Howland et al., 2012), or found that 
MIA animals displayed the opposite effect, with increased locomotion (Meyer, Nyffeler, 
Schwendener, et al., 2008). This variation likely reflects differences in the production of 
the MIA animals and/or drug concentration of the amphetamine and MK-801. It is 
therefore difficult to clearly ascertain what effect MIA has on locomotion, although it does 
appear that MIA animals show increased locomotion in the presence of amphetamine, 
suggesting that the dopamine system may be the neurotransmitter system most reliably 
affected as a result of maternal immune activation. 
 
1.6.3 Physiological deficits in the MIA model 
An examination of neurotransmitters in the MIA model reveals abnormalities in the 
dopamine system. Increases in dopamine are observed in a variety of brain regions (PFC, 
lateral globus pallidus, striatum, and nucleus accumbens), along with a decrease in 
dopamine receptor availability (Luchicchi et al., 2016; Meyer, Nyffeler, Schwendener, et 
al., 2008; Meyer, Nyffeler, Yee, et al., 2008; Ozawa et al., 2006; Winter et al., 2009; 
Zuckerman et al., 2003). Additionally, within the midbrain (which includes the VTA) the 
number of dopaminergic neurons is different in the MIA model compared to controls, 
although results are mixed; with an increase seen in the foetal brain of MIA mice (Meyer, 
Nyffeler, Schwendener, et al., 2008), an increase in adults but not before puberty 
(Vuillermot, Weber, Feldon, & Meyer, 2010), or no difference (Straley et al., 2017). 
Similar differences in the brain anatomy of other regions (ACC and hippocampus) to those 
observed in human patients has also been observed in the MIA model (Crum et al., 2017; 
Zhang & van Praag, 2015). A decrease in activity of the VTA dopamine neurons has been 
observed in MIA animals relative to controls (De Felice et al., 2019; Luchicchi et al., 
2016). Whilst some of these findings match what has been observed in patients with 
schizophrenia (e.g. increased dopamine in the striatum, decreased activity in the VTA), 
others do not (e.g. increased dopamine in the PFC). Dysfunction in the glutamate and 
GABA systems has also been observed in the MIA model, similar to that observed in 
patients with schizophrenia. The hippocampus in MIA animals has reduced GABAergic 
41 
 
inhibitory transmission (Dickerson et al., 2014; Meyer, Nyffeler, Yee, et al., 2008; Zhang 
& van Praag, 2015), whilst the VTA has reduced glutamate and GABA neurotransmitter 
release, and abnormal GABA synapses (De Felice et al., 2019). As in schizophrenia, it is 
likely that the dysfunction in these neurotransmitter systems also leads to abnormal 
connectivity in the brain of the MIA animals. 
Aberrant GABA interneurons have been linked to reduced functional connectivity 
between the medial PFC and hippocampus in MIA animals compared to controls 
(Dickerson et al., 2014). This connectivity deficit also correlated with a reduction in PPI, 
suggesting that the decreased connectivity between the medial PFC and the hippocampus 
plays a role in the deficit in information processing (Dickerson, Wolff, & Bilkey, 2010). 
The reduced synchrony was not due to local activity differences in either medial PFC or 
the hippocampus, as no difference was seen within any frequency band between MIA and 
control animals. Although another study did find an increase in the theta frequency (4-
12Hz) in MIA animals (Wolff & Bilkey, 2015). However, this difference is likely due to 
electrode positioning within the hippocampus, revealing that differences in activity might 
be very specific, even within defined regions. 
Differences in activity and connectivity likely reflect not only aberrant connections 
but also abnormal neuron behaviour. For example, the firing rate in medial PFC cells was 
significantly higher in MIA animals (Dickerson et al., 2010), and their VTA dopamine 
cells showed reduced firing compared to controls (De Felice et al., 2019; Luchicchi et al., 
2016). These firing rate differences correlate with what is observed in patients with 
schizophrenia with increased activity in the PFC, and dysconnectivity between the 
midbrain and PFC. However, hippocampal place cells displayed no difference in firing rate 
between MIA and control rats (Wolff & Bilkey, 2015), so it is not simply differences in 
neuronal firing rate that result in dysfunction. 
 
1.7 Summary and aims 
In schizophrenia, negative and cognitive symptoms are linked to functional 
impairment (Fervaha, Foussias, et al., 2014; Green et al., 2004). However, current 
treatments target positive symptoms and so do not always improve functional outcomes in 
patients (Egger et al., 2016). Decision-making is a behaviour that is affected by both 
cognitive and negative symptoms, including deficits in working memory, behavioural 
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flexibility, and motivation. Difficulties in decision-making can impact negatively on 
functional outcomes in schizophrenia as these outcomes rely on effective decision-making. 
In decision-making a cost-benefit analysis is performed to decide whether a reward is 
worth the effort, using relevant previous knowledge. Deficits in working memory mean 
patients may be missing relevant previous knowledge to help inform the best decision (Lee 
& Park, 2005), whilst behavioural inflexibility can bias the patient to the default option 
even if the alternative is more advantageous (Strauss et al., 2011). Additionally, if the 
patient is unmotivated, they are less likely to put in greater effort for a greater reward 
(Reddy et al., 2015). 
To be able to treat cognitive and negative symptoms we need to have a greater 
understanding of how dysfunction within the brain creates these symptoms. However, it is 
currently difficult to observe how the brain is affected in schizophrenia in any detail as it 
requires invasive measures. Working with an animal model allows us to investigate brain 
structure and function in greater detail. The MIA animal model of schizophrenia is based 
on a known risk factor for schizophrenia (Brown & Derkits, 2010), and mimics the 
development of schizophrenia, recreating similar brain abnormalities to those seen in 
human patients (Boksa, 2010). A potential site of brain abnormalities that contribute to 
cognitive and negative symptoms in schizophrenia are the ACC and VTA (Figure 1.10), as 
these regions are involved in decision-making (Kolling et al., 2016) and motivation 
(Bromberg-Martin et al., 2010). Previous studies of patients with schizophrenia have found 
evidence of dysfunction within these regions (Alústiza et al., 2017; Knolle et al., 2018; 
Park et al., 2017), although the details of these abnormalities and how they relate to 
symptoms is still not clear. 
The aim of this study was, therefore, to investigate decision-making in the MIA 
model and whether any changes relate to symptoms observed in schizophrenia. 
Additionally, we will be investigating if there is any dysfunction in neuronal activity 
within and between the ACC and VTA, and whether any abnormalities are related to any 
of the behavioural deficits observed. We hypothesised that there would be abnormal 
decision-making in the MIA rats compared to the control rats, which is linked to cognitive 






     
Figure 1.10 Hypothesised dysfunction between the ACC and VTA in schizophrenia. (a) Normal function between the 
ACC and VTA, with glutamate projections from the ACC signalling the optimal choice to the VTA and the VTA signalling 
motivational value along the mesocortical dopamine pathway. It is proposed that both pathways interact with one 
another (Laruelle et al., 2003). (b) It is observed that there is a decrease in glutamate in the ACC (Gallinat et al., 2015), 
possibly linked to difficulties in the cost-benefit analysis. This in turn may lead to a decrease in the mesocortical 
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Chapter 2 : Method 




The subjects were generated using the MIA method as previously described 
(Dickerson et al., 2010). Whilst anesthetised with isoflurane, pregnant Sprague-Dawley 
dams, were administered with either a single dose of Poly I:C (4mg/kg; MIA) dissolved in 
saline (1ml/kg) or with saline (1ml/kg; control) on gestation day 15. Both pregnant dams 
and resulting litters (until weaning) were kept in open cages. Litters were culled to a 
maximum of six males and the twenty-two (12 control and 10 MIA) rats used for this 
experiment were taken from these litters, up to a maximum of two rats per litter. Rats were 
housed separately in individually ventilated cages (IVCs) in a room that operated a 12-
hour light/ dark cycle and all training and experimentation occurred during the light cycle. 
Food deprivation was used to motivate the rats to complete the task and receive the reward 
and rats were food deprived to no less than 85% of their free-feeding weight. Water was 
always available ad libitum in their IVC. 
 
2.2 Pre-pulse inhibition 
 Three months after birth the rats underwent testing on their level of pre-pulse 
inhibition (PPI). Rats were placed into a sound-attenuated startle chamber (SR-LAB 
Startle Response System, San Diego Instruments, Inc., San Diego, CA, USA), within a 
plexiglass holding cylinder (8.9cm diameter). The chamber contained a speaker located 
24cm above the cylinder, and produced the background noise, startle and pre-pulse as 
instructed by the SR lab software. The chamber measured the amount of rat movement 
using a piezoelectric accelerometer resulting in a voltage recorded for each trial. 
The program started with 5 minutes of acclimatisation with white background noise 
(64dBA), followed by 11 startle-only trials (not included in analysis), then 6 blocks of the 
10 different trial types (in a counterbalanced pseudorandom order), and finally another 10 
startle-only trials (not included in analysis) (Wolff & Bilkey, 2010). Trial types included 
were no stimulus (background noise), only the startle (120dBA), only the pre-pulse (either 
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72, 76, 80, or 84dBA), or a pre-pulse followed by the startle (100ms delay between pre-
pulse and startle). Intertrial interval varied from 8 to 23 seconds (15 ± 4.75s). Each session 
lasted approximately 35 minutes. 
 
2.3 Apparatus 
 The apparatus consisted of a figure-eight maze containing a touchscreen, 
pneumatic ram-operated doors, sensors, two 30cm high (6cm wide at top sloping on the 
descent with a width of 14cm at the base) barriers which could be withdrawn via motors, 
and two reward bowls fed by peristaltic pumps (Figure 2.1) (Elston et al., 2019). The 
system was operated by five Arduino microcontrollers, which fed touchscreen and sensor 
information into the computer. A video camera was mounted on the ceiling to track 
animals’ position. A tether with a head stage (that included LEDs for tracking) was affixed 
to the animal and connected the electrodes contained in a microdrive to the recording 
system. 
 
2.4 Preoperative Training 
 Initially rats were habituated to the maze for five x 15 minute sessions. During this 
time condensed milk was available in the reward bowls and coco pops were scattered 
throughout the maze. 
 Following habituation, rats were trained to run in a unidirectional loop. This started 
from the first door (D1, Figure 2.1), through the second (DL2/DR2) and third (DL3/DR3) 
doors and ended at the reward bowl (Rr/Lr). The doors would close behind the rat and 
open in front of the rat when certain sensors were tripped. The reward, 0.5ml of condensed 
milk, was administered when a sensor (SL2/SR2) was tripped. During unidirectional 
training, the rat was either forced to go right or left (no choice) and the experimenter 
started each trial by pressing a button opening door 1. Rats were allowed to run continuous 
trials for 20 minutes and were considered trained when they were running at least two 
trials/ minute (40+ laps over the session) for three consecutive sessions. 
After unidirectional training rats were then trained to press the touchscreen to start 
the trial themselves. These sessions (including training of touchscreen press and any 
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circuits completed) only lasted 15 minutes, and again rats were considered trained when 
they were running about two trials/ minute (30+ trials) for three consecutive sessions.  
Next choice and barriers were introduced to the rats. For this configuration, the rats 
could choose which direction they turned for 48 out 64 trials and had 16 forced trials 
spaced throughout (eight left, eight right, pseudorandom but approximately every four 
trials). There were no barriers in either direction for the first 32 trials and they received 
0.1ml condensed milk at the reward site. For the final 32 trials both barriers were in place 
and the reward was 0.3ml condensed milk. The rats moved onto the next stage when they 
were running the full 64 laps in 32 minutes or less for three consecutive sessions. 
Rats were then trained in the differences between the choices. There were two 
choices; either a barrier was present (high cost; HC) and 0.3ml condensed milk (high 
reward; HR), the other choice was the absence of the barrier (low cost; LC) and 0.1ml 
condensed milk (low reward; LR). The cost and reward used were based on previous 
research that found control rats selected the HCHR choice more often than LCLR but not 
100% of the time (Elston et al., 2019). The rats were assigned to one of two groups, one 
experienced HCHR on the left arm and LCLR on the right, the other had HCHR on the 
right and LCLR on the left. As before, the rats had 64 trials to run with 48 choice trials and 
16 forced trials spaced pseudorandomly. At this stage of training the rat had to reach 70% 
HCHR choices as well as completing the entire session within 32 minutes for three 
consecutive sessions to progress to the final training stage. 
The final stage added a reversal so that, those rats that had experienced the HCHR 
on the left in the previous stage continued to have the first 32 trials with the HCHR option 
on the left and LCLR option on the right, but for the final 32 trials this swapped so that the 
HCHR was now on the right and LCLR on the left. The opposite was true for the rats that 
were trained with HCHR on the right. Rats were trained and ready for surgery when they 
were choosing 70% HCHR choices over the whole session and were completing the 





Figure 2.1 Diagram of the maze. The rats could start the trial by pressing the touchscreen, which opens the first door 
(D1) and one or both of the second doors (DL2, DR2), depending on the trial type. Once the first sensor (S1) is passed 
the first door (D1) shuts. Then passing either of the second sensors (SL2, SR2) shuts both second doors (DL2, DR2), and 
opens the corresponding third door (SL2 opens DL3, SR2 opens DR3). These sensors also cause the reward to be 
dispensed, SL2 dispenses reward into the reward bowl on the right (Lr) and SR2 dispenses into left reward bowl (Rr). 
Finally if the rat has made a right turn the left fourth sensor (SR4) closes the last door (DR3) and allows the rat to press 
the touchscreen to start another trial, this is the same for a left turn and the right sensor (SL4) closes the last door (DL3) 
and reactivates the touchscreen. For the calculating the results the maze was split into four regions. The midstem was 
measured from the first door (D1) to the first sensor (S1); the vertex was the region between the first sensor (S1) and the 
second sensors (SL2/ SR2); the barrier region was the two areas from each second sensor (SL2/ SR2) to its respective 
third sensor (SL3/ SR3); the reward region was the area between the third sensors (SL3/ SR3) and the first door (D1). 
 
2.5 Surgery 
 The rats underwent surgery once they were trained. They were anaesthetised using 
isoflurane (initially 5% in oxygen, reduced to around 2% during surgery and adjusted as 
needed). Once anaesthetised the rat was given atropine (0.065mg/ml; s.c.), carprofen 
(5mg/ml; s.c.), amphoprim (60mg/ml; s.c.), and temgesic (0.3mg/ml; s.c.). Before incision, 
lopaine (4mg/ml) was injected subcutaneously at the incision site. A 3D-printed adjustable 
microdrive with seven electrode wires (one tetrode and tritrode; 25µm Formvar coated 
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nichrome wire; California Fine Wire) was stereotaxically implanted into the ACC (AP: 
2.7mm, ML: 0.4mm, DV: -1.8mm). The VTA (AP: -5.3mm, ML: 1.0mm, DV: -8.2mm) 
was also stereotaxically implanted with a non-movable electrode (127µm nickel chromium 
coated wire). The recording system was grounded via a wire connected to a skull screw 
that was touching the cerebrospinal fluid. The entire assembly was secured to the skull 
using screws and dental acrylic. Following surgery rats were returned to a cage with water 
and food available ad libitum, and once they had regained consciousness amphoprim 
(60mg/ml; s.c.) was administered. Carprofen (5mg/ml; s.c.) was given 24 hours post-
surgery. Rats were given a recovery period of a week before being placed back on food 
deprivation and commencing post-surgery training. 
 
2.6 Postoperative training 
 Once rats had recovered, they were placed back in the maze with their head plugs 
attached to the recording system. Postoperative training was considered complete when the 
rat was choosing 70% HCHR choices and running the 64 laps within an hour for three 
consecutive sessions. During this time, single unit data was recorded and analysed to check 
for any potential issues with the recordings and to locate single cells. If no cells were 
found the electrodes were moved down by approximately 40µm at the end of each session.  
 
2.7 Task Protocol 
 The task protocol was the same as the last stage of training. The figure-eight maze 
offered a choice between a HCHR (barrier; 0.3ml condensed milk), or LCLR (no barrier; 
0.1ml condensed milk). Rats would run 64 trials in each session, with a reversal of the 
HCHR/LCLR arm between the 32nd and 33rd trials (halfway through the trials). 
Approximately every four trials were forced trials, alternating between left and right and 
pseudorandomly spaced. Rats were split into two groups so that half experienced the 
HCHR option on the left and LCLR on the right, and after reversal HCHR on the right and 
LCLR on the left, always the same as they had experienced during training. The other half 
experienced the opposite. LCLR left and HCHR right for the first half and HCHR left and 
LCLR right for the second half. There was typically a delay of around 24 hours between 





2.8 Data acquisition 
Animal movement, single unit neuronal data, and local field potential (LFP) data 
were acquired through the DacqUSB system (Axona, Ltd., St Albans, UK). Animal 
movement and location data was acquired via a camera recording the position of infrared 
LEDs affixed to the head stage. The system sampled the tracking data at 50Hz and 
converted this to x and y coordinates.  Single unit data was monitored each session and 
each tetrode and tritrode was referenced to the quietest electrode. An action potential 
sampling threshold was also set between 66-90µV. These data were sampled at 48kHz and 
bandpass filtered between 360-7000Hz. LFP data was sampled at 4800Hz and low-pass 
filtered at 500Hz. Maze configuration, and touchscreen and sensor timestamps were 
matched to the rest of the data via a bidirectional digital connection between the Arduino 
microcontrollers and the DacqUSB system. 
 
2.9 Data analysis 
 Analyses were performed using MATLAB R2019a (The Mathworks, Boston, MA, 
USA) and GraphPad Prism 8.1.1 (GraphPad Software, Inc., San Diego, CA, USA). Data 
was averaged within each rat before the mean was calculated within each treatment group 
(control/MIA), unless otherwise stated. 
 
2.9.1 Pre-pulse inhibition (PPI) 
 The amplitude of the voltage produced in response to each trial during PPI testing 
was taken. Percentage of PPI (%PPI) was calculated by taking the average amplitude of 
the pre-pulse + startle (PP) trials over the average amplitude of the startle only (S) trials 
(100 - (PP/S) x 100) for each pre-pulse (72, 76, 80, and 84dBA), for each rat. 
 
2.9.2 Behaviour 
 Behavioural data was analysed using only the choice trials after removing the 
forced trials. The data was looked at either overall across the entire session, split into 
halves/ pre- and post-reversal, or splitting the session into quarters (1st = trials 1 to 16, 2nd 
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= trials 17 to 32, 3rd = trials 33 to 48, 4th = trials 49 to 64). All data was checked for 
normality using the D’Agostino & Pearson test before parametric tests were used. 
For measuring the slope, we took the percentage of LCLR choices for each trial in 
sequence within a quarter, then ran this through the MATLAB function polyfit. This 
function returns the coefficient of a polynomial that is the best fit for the percentage LCLR 
choices across trials. This coefficient was then used as the gradient of the percentage of 
LCLR choices made. 
 Vicarious trial and error (VTE) is the amount of tortuosity of a path (Schmidt, 
Papale, Redish, & Markus, 2013) and was analysed by using the vessel tortuosity index 
function in MATLAB (Khansari et al., 2016). This function measures the degree of 
tortuosity of a 2D curvilinear shape. Data was taken from the centre of the vertex region 
(choice region of the maze; Figure 2.2a), the tracking data used was from sensor S1 to 
approximately halfway towards both the SL2 and SR2 sensors (~20cm right and left from 
the centreline of the maze). Tracking data that was used as a control for VTE was taken 
around the subsequent corner, from where the choice region ended to just before where the 
barrier is located. Both left and right control regions were grouped together. Analysis was 
done using a multilevel linear model using the lme function in R (Field, Miles, & Field, 
2012; R Core Team, 2019). This model is similar to a mixed-design ANOVA and can 






Figure 2.2 (a) The regions within the maze that position data was taken from for VTE analysis. Control regions were 
collated regardless of side. Adapted from Figure 2.1. (b) Graph of data used in the vessel tortuosity index calculation, 
using example data from a single trial. Inflection points, where the convexity of the curve changes, are found (red 
circles). The length of the arch between inflection points (red line), standard deviation of angles between lines tangent to 
each pixel on the centreline and a reference axis for the curve (black dotted line), points on the curve where the 
derivative is either zero or doesn’t exist (green circles), ratio of actual length (red line) to chord length (shortest linear 
path between inflection points; blue line) between inflection points, are multiplied and then divided by chord length (blue 
line). Insert shows path used in example of analysis (red line) over complete tracking from the session the example was 
taken from (blue line). 
 
 





2.9.3 Local field potential power and coherence 
 Power and coherence of the LFP data was analysed using the multi-taper method 
(Mitra & Bokil, 2008) with a time segment of one second, three tapers, and 85% overlap. 
The data is then transformed using log10 followed by z-score. The different frequencies of 
interest and timestamped maze sections or trials were then pulled out of this data. 
 
2.9.4 Partial directed coherence 
 The Partial Directed Coherence (PDC) method determines whether coherence is 
driven by one brain region or another, in this case whether the ACC leads VTA or VTA 
leads ACC. It does this by calculating how much the past activity of the LFP of one brain 
region predicts the current LFP of the other brain region. It is a linear method that uses a 
frequency-domain version of multivariate autoregressive modelling similar to Granger 
causality (Baccala & Sameshima, 2001). 
 
2.9.5 Single-unit analyses 
 Single-units were identified using the software Offline Sorter V3 (Plexon Inc., 
Dallas, TX, USA). This software displayed the data in a 3D graph based on waveform 
features, allowing for the isolation of individual single-units based on clustering of data. 
These single-unit cells were then treated as individual statistical units as was done in 
previous research in this area (Amemori et al., 2015; Blanchard & Hayden, 2014; Hillman 
& Bilkey, 2010). Further analyses were done with MATLAB R2019a.  Firing rate (Hz) 
was calculated by taking the total number of spikes within a time period. The time period 
was taken from timestamps from the maze touchscreen and sensors. Initially firing rates 
were calculated for each cell, maze region, and trial, mean firing rates were then averaged 
from this data depending on what was being measured (e.g. averaging across all but cell 
within both HCHR and LCLR trials for a cells choice selectivity). Cell selectivity was 
determined by looking at mean firing rates. For choice (HCHR or LCLR, right or left) a 
two-sample t-test was performed to determine whether the cell was significantly firing in 
one choice or the other. For maze region a one-way ANOVA was performed followed by 
pairwise comparisons (Tukey’s test, α = 0.05). The results from the pairwise comparisons 
were then taken, and a cell was considered significant for a maze region if it had fired 
significantly more often in that maze region compared to the other maze regions (e.g. cell 
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was selective for midstem if pairwise comparisons revealed that it fired significantly more 
often in the midstem than the vertex, barrier, and reward regions separately). For a cell to 
be significant for two maze regions it the mean firing rate was taken across both maze 
regions and then, as previously, a one-way ANOVA and pairwise comparisons was 
calculated to see if the mean of the two regions fired significantly more often than each of 
the other two remaining regions (e.g. midstem/ vertex compared to barrier, and reward). 
For a cell to be considered co-selective for a choice (HCHR or LCLR) and a maze region it 
had fit the selectivity criteria for both. 
 
2.9.6 Phase-locking of single-units to local field potential 
 Initial analyses were computed using MATLAB R2019a. LFPs were bandpass 
filtered using a two-pole butterworth filter to the frequencies of interest, and then a Hilbert 
transform was used on the data. For each spike, a phase angle was determined for each 
frequency of interest, with the trough of the oscillation referred to as zero degrees. Mean 
phase angle and vector length were then calculated for each cell that fired at least 20 times 
within whichever condition was being examined for each frequency of interest. Further 
analyses were performed in Oriana 4 (Kovach Computing Services, Inc., Anglesey, UK). 
 
2.10   Histology 
Once rats had completed the experiment they were anaesthetised 5% isoflurane in 
oxygen and 2mA of direct current was passed through each electrode for approximately 
one second to mark the site with a lesion. Rats were then euthanised via an overdose of 
isoflurane before being transcardially perfused, initially with 120ml of 0.9% saline and 
then 120ml of 10% formalin of saline. The brain was then removed and placed in 10% 
formalin of saline for storage. Before sectioning brains were moved to a 10% formalin/ 
30% sucrose solution. 60µm thick coronal sections were cut around the site of the ACC 
electrode and VTA wire, mounted, and then stained with thionine acetate for Nissl. 





Chapter 3 : The effect of the MIA manipulation on behaviour in a 
decision-making task 
3.1 Introduction 
Decision-making can be impacted by the cognitive (working memory deficits and 
behavioural inflexibility) and negative symptoms (avolition) of schizophrenia. Working 
memory is important in decision-making, as relevant previous knowledge is required to 
make the optimal choice. In patients with schizophrenia, working memory capacity is 
reduced, and they have difficulty in manipulating and updating information (Gold, Barch, 
et al., 2018; Gold, Robinson, et al., 2018; Lee & Park, 2005). Deficits in working memory 
have also been observed in MIA animals, although these deficits are only observed when 
working memory load is increased. For example, in behavioural flexibility tasks MIA and 
control animals take the same amount of time to reach criterion before a reversal is 
introduced (Han et al., 2011; Kleinmans & Bilkey, 2018; Meyer, Nyffeler, et al., 2006; 
Millar et al., 2017; Savanthrapadian et al., 2013; Wallace et al., 2014; Zhang et al., 2012), 
likely because learning these tasks does not require much working memory capacity. 
During acquisition of the Morris water maze task it is possible working memory deficits 
are observed initially, with MIA animals showing increased latency to reach the goal 
compared to controls (Zhang & van Praag, 2015). However, the increased latency was due 
to decreased swimming speed and not increased path length, suggesting a deficit in 
motivation instead of a deficit in memory. It is only when working memory load is 
increased by lengthening the delay between trials, that more robust deficits in memory are 
observed (Meyer, Nyffeler, Yee, et al., 2008; Zhang & van Praag, 2015). Savanthrapadian 
et al. (2013) found no difference between MIA and control animals in this task, possibly 
due to differences in the production of the MIA animals. Other experiments have also 
found that memory deficits are observed when working memory load is increased 
(Luchicchi et al., 2016; Meehan et al., 2017; Ozawa et al., 2006; Wolff et al., 2011). 
Therefore, working memory deficits in MIA animals may prevent the animals from 
recalling relevant previous knowledge that can be used to make the optimal choice. 
Decision-making also requires behavioural flexibility as the choices available and 
the environment surrounding them can change. Behavioural flexibility is required to adapt 
to these changes to continue to make the optimal choice. In patients with schizophrenia 
behavioural inflexibility has been well documented, evidenced as increased perseveration 
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errors (Dridan et al., 2013; Mance Calisir et al., 2018; Waford & Lewine, 2010) or an 
increase in the number of trials to reach criteria after a switch in the task (Hutton et al., 
1998; Pantelis et al., 1999). The increase in trials-to-criteria has also been observed in MIA 
animals during reversal learning. Pre-reversal, MIA animals are no different from control 
animals in their learning ability. However post-reversal, impairment is seen due to 
perseveration errors (Han et al., 2011; Kleinmans & Bilkey, 2018; Meyer, Nyffeler, et al., 
2006; Millar et al., 2017; Savanthrapadian et al., 2013; Wallace et al., 2014; Zhang et al., 
2012). Similarly to the current task, Kleinmans and Bilkey (2018) counted the number of 
trials it took to reach criteria (5 consecutive correct choices) when animals were offered a 
choice in a T-maze between a ‘correct’ rewarded arm and an ‘incorrect’ non-rewarded 
arm. There was no difference between control and MIA rats in trials to criteria before the 
reversal, however post-reversal MIA rats took significantly more trials to reach the criteria. 
It could be that the MIA animals’ perseverance to choose the previously rewarded arm 
meant that they took longer to select the current rewarded arm at criterion. Additionally, in 
a different T-maze task where no arm was rewarded, it was found that MIA animals 
alternated between arms less than controls, taking the opposite arm to the one taken 
previously, less often (Zhang & van Praag, 2015). The decreased alternation may indicate 
decreased memory of the previously chosen arm or potentially is an indicator of 
behavioural inflexibility in that the animals persevere with the default choice (previously 
chosen arm) and explore less. A few studies have however found rapid learning when 
investigating reversal learning, with MIA animals learning the reversal more quickly than 
control animals (Wolff et al., 2011; Zuckerman & Weiner, 2005). This rapid learning may 
be due to the inclusion of negative reinforcement for an incorrect choice or may be due to 
the increased delay at the reversal point. The increase in delay may increase working 
memory load resulting in memory deficits in the MIA animals. If the MIA animals fail to 
remember the previous configuration from before the reversal, then they cannot be 
influenced by it when making their current choice. Control animals will therefore make 
more preservative errors as they recall the previous correct choice and use this knowledge 
to make their current choice. Therefore, in the absence of negative reinforcement or 
increased working memory load, MIA animals show behavioural inflexibility and 
perseveration in decision-making.  
When making a decision there is often a cost associated with achieving the benefit, 
and motivation is important in an animal being willing to select the option that requires an 
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increased cost to obtain an increased benefit. Patients with schizophrenia suffer from 
avolition where they are less willing to expend more effort (cost) for a greater reward 
(benefit), and therefore choose the option that requires less effort for a smaller reward 
more often than healthy controls (Barch et al., 2014; Fervaha et al., 2013; Gold et al., 
2013; McCarthy et al., 2016; Park et al., 2017; Reddy et al., 2015; Treadway et al., 2015). 
However, when avolition is investigated in the MIA animal model, the results suggest that 
motivation is intact. It has been observed that MIA animals do not show decreased effort 
expenditure, compared to control animals, in a progressive ratio task that used lever 
pressing as its effort (Millar et al., 2017; Straley et al., 2017). Millar et al. (2017) found 
that MIA animals expended more effort than the controls did, although they also had 
increased perseveration which may explain the increased effort expenditure instead of 
increased motivation. When the effort is cognitive, motivation is also intact with the 
number of omitted trials similar between MIA and control animals (Bates et al., 2018). 
Therefore it appears that MIA animals do not have avolition, however in schizophrenia 
studies no difference in motivation has been observed between patients and controls in 
some progressive ratio and cognitive effort tasks as well (Gold et al., 2015; Strauss et al., 
2016). No study has yet investigated motivation in the MIA model using a cost-benefit 
decision-making task. 
In previous experiments where cost-benefit decision-making was studied in a T-
maze, control animals show a preference for the high cost high reward (HCHR) option 
over a low cost low reward (LCLR) option, although they do not select the HCHR option 
100% of the time (Elston et al., 2019; Hillman & Bilkey, 2010). The preference for the 
HCHR arm demonstrates that control rats are motivated to expend more effort to achieve a 
greater reward. When a reversal was included in the task, such that the sides containing 
HCHR and LCLR swapped part way through, control rats were behaviourally flexible and 
rapidly adjusted to the new configuration by selecting the new HCHR arm as often as they 
did pre-reversal. Interestingly, the control rats selected the HCHR option more often post-
reversal than pre-reversal. One possible explanation of this effect is that the control rats 
were making anticipatory LCLR choices pre-reversal as the current LCLR option would 
become the HCHR arm post-reversal. This suggests that the rat remembers that there is a 
reversal in the task, and as the chance of it occurring increases with time (and trials), they 
increasingly make anticipatory LCLR choices on the possibility that this arm is now 
HCHR. Additionally, at the start of the session (mean of the first two trials) the rats were 
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selecting the LCLR option 50% of the time, this may reflect that the rat is starting each 
session unaware of which arm is the HCHR and choosing at chance. However, even if the 
rat were choosing at chance on the first trial because they could not remember the previous 
trial, once they had completed the trial, they should be aware of the current configuration. 
Therefore, we might expect them to select the HCHR option more often on the second 
trial, thereby increasing the average of the two trials to greater than 50% HCHR choices. 
Alternatively, the 50% choice may reflect the rat choosing the LCLR option in the first 
trial before choosing the HCHR option on the second trial. It could be that the rat 
remembers the configuration from the previous session which ended with the choices on 
the opposite arms and then switches on the second trial when it appreciates the current 
situation.  
Based on what we have found previously, with control rats selecting the HCHR 
option more often than the LCLR option in this cost-benefit task, along with findings that 
patients with schizophrenia show reduced willingness to expend effort in similar tasks, we 
hypothesise that the MIA rats will select the HCHR option less often than the control rats. 
Additionally, due to behavioural inflexibility observed in both patients with schizophrenia 
and MIA animals, we predict that the MIA rats are likely to persevere more, evidenced as 
MIA rats selecting the LCLR option more often than control rats post-reversal. As pre-
reversal control rats appear to make anticipatory LCLR choices as they approach the 
reversal because they remember the task includes the reversal, we hypothesise that due to 
memory deficits MIA rats will not recall the reversal and therefore not increase their 
LCLR choices as the reversal approaches. We also hypothesise that memory deficits will 
result in MIA rats failing to remember the previous configuration at the start of a new 
session, and therefore they will select at chance, while the control rats will select the 
LCLR option more than chance as this corresponds to the HCHR option in the previous 
configuration. We predict that the time taken to learn the task will not differ between the 




For the initial training stage when the HCHR choice remained located in one 
direction (no reversal) data was collected for 14 control rats and 10 MIA rats. An 
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additional control rat failed to reach criteria in the final stage of training (when the reversal 
was introduced), and one control rat died during this final stage. Therefore, the final 
training stage and task behavioural data was collected for 12 control and 10 MIA rats. 
Only those sessions where rats ran the full 64 trials were included and a mean of 10 
sessions per rat were analysed. Data from forced trials were removed from the analysis 
unless otherwise stated. 
 
3.2.1 No difference in training sessions to criteria between control and MIA rats 
During the initial stage of training, HCHR was in only one direction (no reversal), 
no significant difference was observed in the mean number of sessions to criteria (t (22) = 
0.90, p = 0.38; unpaired t-test; Figure 3.1a) between control (10 ± 1 session) and MIA rats 
(8 ± 1 sessions). When the reversal was introduced an unpaired t-test revealed no 
difference (t (20) = 0.09, p = 0.93; Figure 3.1b) between control (6 ± 1 sessions) and MIA 
(5 ± 1 sessions) rats in the number of sessions to reach criteria (70% choice of HCHR trials 
in under 32 minutes three sessions in a row). One control rat failed to reach criteria (due to 
less than 70% HCHR choices as completion time was under 32 minutes) when the reversal 
was introduced, so data from this animal was not included in the reversal training-stage t-
test. 
 
Figure 3.1 The percentage of rats that had reached criteria at that session number for (a) HCHR only one direction with 
no reversal (control n=14, MIA n=10) and, (b) HCHR reversing arms half way through (control n=13, MIA n=10). 
Criteria for passing was session completed within 32 minutes and 70% HCHR options chosen for three consecutive days. 
One control failed to reach criteria when the reversal was introduced. 
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3.2.2 Percentage of HCHR options chosen varied within the session between control and 
MIA rats 
The overall the percentage of HCHR options chosen (%HCHR) was not 
significantly different (t (20) = 0.71, p = 0.49; unpaired t-test; Figure 3.2a) between control 
rats (82.74 ± 1.74%) and MIA rats (80.93 ± 1.88%). We did note that control rats free-
feeding weight (0.60 ± 0.05kg) was significantly (t (21) = 2.55, p = 0.02; unpaired t-test) 
heavier than MIA rats (0.55 ± 0.05kg).  
However, on the first trial control rats (32.31 ± 5.06%) chose the LCLR option 
significantly more (t (20) = 2.97, p = 0.008; unpaired t-test; Figure 3.2c) than MIA rats 
(58.56 ± 7.55%), and chance (t (11) = 3.50, p = 0.005; one-sample t-test). MIA rats 
performed at chance (t (9) = 1.13, p = 0.29; one-sample t-test). 
In order to determine if the percentage of LCLR options chosen increased as the 
rats approached the reversal, compared to the end of the session, the gradient of %LCLR 
responses was measured in the 2nd and 4th quarter (Figure 3.2b). A two-way ANOVA 
revealed a main effect of quarter (F (1, 20) = 8.98, p = 0.007), and a significant interaction 
between treatment and quarter (F (1, 20) = 5.17, p = 0.03). Control rats showed a greater 
increase in LCLR options chosen as they approached the reversal compared to MIA rats, 
an effect which was not observed as they approached the end of the session in the 4th 
quarter. 
When comparing %HCHR in the quarters there was a significant interaction 
between treatment and quarter (F (3, 60) = 4.31, p = 0.008; two-way ANOVA). Bonferroni 
post hoc tests revealed that difference between MIA and control animals in the 3rd quarter 
was approaching significance (p = 0.07). Additionally, control rats had a significant 
difference between their 2nd and 4th quarter %HCHR choice (Bonferroni post hoc, p < 
0.0001), whilst MIA rats did not (p = 0.87). A further two-way ANOVA comparing 
between just these two quarters (2nd and 4th) had a significant interaction between 
treatment and quarter (F (1, 20) = 4.77, p = 0.04). These data indicate that MIA rats made 
more LCLR choices in the quarter immediately following the reversal compared to control 
rats. Control rats increased their %HCHR choices in the 4th quarter compared to the 2nd, 





Figure 3.2 (a) Percentage of HCHR options chosen across the entire session for control and MIA rats (±SD). Each data 
point represents the %HCHR choices for a single rat. (b) Gradient of percentage of LCLR options chosen across trials in 
the 2nd and 4th quarters for control and MIA rats (±SD). Each data point represents the gradient for a single rat (c) 
Percentage of HCHR options chosen for each trial within the session (±SEM), forced trials not shown. ‘*’ = p < 0.05; 
‘+’ = 0.05 < p < 0.10. 
  
3.2.3 Time spent in the midstem and vertex was increased in MIA rats for some LCLR 
trials compared to controls 
 We analysed time spent in the midstem and vertex maze regions (decision-making 
regions) to see if this varied between control and MIA rats, the choice made, and the 
quarters (Figure 3.3). In the midstem region a three-way ANOVA revealed a significant 
interaction between treatment, choice, and quarter (F (3, 56) = 5.51, p = 0.002). Tukey’s 
post hoc tests revealed that the MIA LCLR in the 4th quarter was significantly different to 
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all other results (p < 0.0001), and these were the only significant comparisons. This 
indicated that the MIA rats spent significantly longer in the midstem when they chose the 
LCLR option in the 4th quarter (Figure 3.3a). In the vertex region a significant interaction 
between treatment, choice, and quarter was also observed (F (3, 56) = 5.05, p = 0.004; 
three-way ANOVA). Looking at the control rats’ latency for LCLR choices we see that it 
is decreased compared to the other quarters and to MIA rats (Figure 3.3b). Therefore, in 
the LCLR trials that occurred just before reversal the control rats were quicker to move 
through the vertex than in any of the other LCLR chosen trials. In the 4th quarter, for MIA 
LCLR choices, Tukey’s post hoc tests also showed significant greater latencies compared 
to all other results (p < 0.0001). 
 
Figure 3.3 Time spent in either the midstem (a) or the vertex (b) in each quarter, choice, and treatment (±SEM). 
 
3.2.4 Running speed did not differ between MIA and control rats 
 To examine if the variation in latency was due to decreased running speed, we 
analysed running speed in each maze region (midstem, vertex) between treatment, choice, 
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and quarter. Three-way ANOVAs were performed for each maze region revealing only a 
significant main effect of choice in the midstem (F (1, 20) = 11.15, p = 0.003), with rats 
running slightly slower for the LCLR choices. For the vertex there was a significant main 
effect of quarter and choice, and a significant interaction between quarter and choice (F (3, 
56) = 11.83, p < 0.0001), this was due to the rats running slower on trials where they chose 
LCLR particularly in the 1st and 4th quarters. No significant difference between control and 
MIA rats was observed in either the midstem or vertex. To confirm that running speed 
could not explain latency variation we examined the correlation between the two. The 
latency and running speed for each trial during the midstem was calculated for control and 
MIA rats separately, with both showing a very small positive correlation (control, rs = 
.052, p < .0001; MIA, rs = .048, p < .0001). 
 
3.2.5 Tortuosity at the choice point was increased in MIA rats, and correlated to latency 
in both the MIA and control rats 
 To further investigate the behaviour of the animals near the choice point, we 
investigated the tortuosity of the tracking path (Figure 3.4). As increased latency could not 
be attributed to decreased running speed, we examined the relationship between path 
tortuosity (pTort) and latency. The pTort and latency for the vertex for each trial was 
correlated for control and MIA treatment groups separately. Analyses of these revealed 
that both control (rs = .80, p < .0001) and MIA (rs = .81, p < .0001) rats showed 
significantly large positive correlations between pTort and latency (Figure 3.5a). 
Therefore, as latency increases so does the sinuosity of the animals’ movement at the 
choice point, in both control and MIA rats. 
Further analyses between treatment, choice, and reversal (pre-/post-reversal) using 
a multilevel linear model was performed and found a significant main effect of treatment 
(X2 = 4.88, p = 0.02) and a significant interaction between reversal and choice (X2 = 4.84, p 
= 0.02; Figure 3.5b). MIA rats had significantly increased pTort compared to controls 
regardless of choice and the reversal. To check this was an effect at the choice point, and 
not an overall effect, we looked at the movement of the animal after it had passed the 
choice point and was approaching the barrier region. A multilevel model revealed no 




Figure 3.4 Examples of a path through the choice point. (a) An example of a high tortuosity of the path (red line; pTort = 
81.1). (b) An example of a low tortuosity of the path (red line; pTort = 2.4). Blue lines represent the tracking of the rat 







Figure 3.5 (a) Correlation between pTort and latency for control and MIA rats on a log10 scale for latency. Each point 
represents a single trial within a single session for a single rat. (b) Natural logarithm of pTort at the choice point for 
control and MIA rats in either choice (HCHR/ LCLR) for pre- and post-reversal (±SEM). 
 
3.3 Discussion 
When working memory load was increased in the current study, deficits in 
decision-making were observed in the MIA model. During training there was no difference 
between control and MIA rats in the number of sessions taken to reach criteria as 
hypothesised. As learning did not take longer for the MIA rats, this suggests that there are 
no memory/learning deficits in the MIA model during this portion of the task. While some 
previous MIA studies have found difficulties in learning due to memory deficits (Meehan 
et al., 2017; Meyer, Nyffeler, Yee, et al., 2008; Zhang & van Praag, 2015), these 
difficulties were relatively mild and only observed when examining individual trials. In 
contrast, in the present study we were examining data across whole sessions. Our data is 
consistent with a number of previous studies that have found learning to be intact in MIA 
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animals (Han et al., 2011; Kleinmans & Bilkey, 2018; Meyer, Nyffeler, et al., 2006; Millar 
et al., 2017; Savanthrapadian et al., 2013; Wallace et al., 2014; Zhang et al., 2012). It may 
be, therefore, that the learning of this task does not place much demand on working 
memory capacity, and therefore does not reveal the memory deficits we might expect to 
see if MIA animals model patients with schizophrenia. 
Memory deficits affected decision-making on the first trial of the task. There is an 
increased delay between sessions compared to the delay between trials within the session. 
On the first trial of a session control rats appear to choose on the basis of the previous 
configuration whilst the MIA rats do not, supporting our hypothesis. For the first trial MIA 
rats chose between the HCHR and LCLR arms at chance, whilst the control rats showed a 
preference for the LCLR arm. The LCLR arm at the start of the session had previously 
been the HCHR arm at the end of the prior session, therefore it seems that the control rats 
remember the configuration they had last experienced and chose the arm which they 
remembered as being the HCHR option. The finding that MIA rats choose at chance under 
these circumstances implies that at this longer delay they forget what the previous 
configuration was and choose at random. The deficit in memory when load is increased is 
consistent with observed memory deficits in patients with schizophrenia (Gold, Barch, et 
al., 2018; Gold, Robinson, et al., 2018; Lee & Park, 2005). It has, however, been argued 
that effects that are attributed to memory deficits, both in patients with schizophrenia and 
MIA animals, are instead due to a reduced willingness to do well in the task because of 
avolition (Gold, Barch, et al., 2018; Zhang & van Praag, 2015). It is unlikely that avolition 
accounts for the results we have observed, as in the trials subsequent to the first trial MIA 
rats increase their %HCHR choices to a similar percentage as controls, instead of 
continuing to choose at chance levels or selecting the LCLR option more often. 
Additionally, if the MIA rats were unmotivated and recalled the location of the LCLR 
choice from the previous session, we might have seen them choose the current HCHR 
choice more than chance on the first trial. 
As our hypothesis predicted, the current data suggests that MIA rats may have 
failed to learn that the task contained a reversal due to memory deficits or behavioural 
inflexibility. Control rats’ %LCLR choices increased as they approached the reversal, a 
phenomenon which was not observed as they approached the end of the session. The 
increase in LCLR choices as the reversal is approached is hypothesised to be the rats 
making anticipatory choices, as they are aware that the LCLR arm will become the HCHR 
66 
 
with increasing likelihood as the session progresses. This effect has been observed 
previously in control rats (Elston et al., 2019). This behaviour does not appear to be due to 
fatigue or general exploration, as post-reversal %HCHR choices increase to almost 100% 
and there is no increase in the %LCLR choices as the end of the session approaches. 
Therefore, if the control rats are making anticipatory LCLR choices because they 
remember the reversal is approaching, then the lack of increase in LCLR choices in MIA 
rats at this point suggests that they fail to remember there is an upcoming reversal. 
However, an alternative explanation is that the lack of anticipatory choices reflects 
behavioural inflexibility such that the MIA rats are not adapting their behaviour to make 
increasing anticipatory LCLR choices as the reversal approaches. 
Further support for behavioural inflexibility in the MIA model may be evident in 
data showing that post-reversal %HCHR choices are fewer for MIA rats than control rats, 
while pre-reversal there was no difference. As proposed above, control rats may have 
made more LCLR choices before the reversal in anticipation of the reversal approaching, 
while after the reversal they were aware that there was no further change in configuration, 
and so made almost 100% HCHR choices. In contrast, the MIA rats do not appear to adapt 
to the reversal as quickly as the control rats, and do not reach the same %HCHR choices 
that controls make post-reversal. Therefore, the reduced %HCHR choices post-reversal in 
MIA rats may be due to increased perseveration, where post-reversal they continue to 
choose the old preferred (HCHR) side from pre-reversal, which is now LCLR. Behavioural 
inflexibility and an increase in preservative errors has been observed previously in the 
MIA model (Han et al., 2011; Kleinmans & Bilkey, 2018; Meyer, Nyffeler, et al., 2006; 
Millar et al., 2017; Savanthrapadian et al., 2013; Wallace et al., 2014; Zhang et al., 2012), 
as well as in patients with schizophrenia (Dridan et al., 2013). Some previous MIA studies 
found over-switching, where the MIA animals made less preservative errors than controls 
(Wolff et al., 2011; Zuckerman & Weiner, 2005). This over-switching may be due to 
memory deficits or the negative reinforcement used in these studies when the rat made a 
wrong choice. In the current experiment positive reinforcement was used for both choices 
as both offered a reward. Additionally, there was no increased working memory load 
during the reversal within the session. However, when memory load was increased 
between the end of one session and the start of the next, over-switching was observed in 
MIA rats. As control rats remembered the previous configuration, they persevered with the 
arm containing the previously preferred choice more than MIA rats who did not recall the 
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previous configuration and so chose at random. A decrease in motivation in the MIA rats 
may also explain the decreased %HCHR choices post-reversal compared to controls. If we 
look at the 2nd and 4th quarters, which are less influenced by perseveration, MIA rats’ 
%HCHR choice does not differ. As the %HCHR choices was less for MIA rats than 
control rats in the 4th quarter (2nd quarter included anticipatory LCLR choices by the 
control rats), this may suggest a decrease in motivation leading to more LCLR choices. 
When the %HCHR choices were averaged across the entire experiment the MIA 
rats did not show evidence of reduced motivation, as the %HCHR choices did not differ 
between control and MIA rats. This result does not support our hypothesis where we 
predicted that there would be reduced %HCHR choices in the MIA rats. Therefore, despite 
the different design of the experiment (cost-benefit decision-making task instead of 
progressive ratio task), these results are consistent with what has been observed in 
previous motivation studies of MIA rats (Bates et al., 2018; Millar et al., 2017; Straley et 
al., 2017). The failure to detect any difference in running speed is also consistent with this 
outcome. 
The lack of avolition within the MIA model contrasts with what is observed in 
patients with schizophrenia who show reduced willingness to expend effort for a higher 
reward when given a choice (Barch et al., 2014; Fervaha et al., 2013; Gold et al., 2013; 
McCarthy et al., 2016; Park et al., 2017; Reddy et al., 2015; Treadway et al., 2015). The 
results of effort and reward control experiments (appendix) indicate that both the control 
and MIA rats understood the difference between the levels of effort and reward. It is 
possible, however, that in the current task the level of effort required to gain reward was 
not high enough to elicit a decreased willingness to expend effort. In the schizophrenia 
studies it was only at higher levels of effort for higher levels of reward that a difference 
was observed between patients and controls. Another explanation could be that the MIA 
model only produces mild schizophrenia-like symptoms, as maternal infection has only 
been shown to be a risk factor and not a guarantee of developing schizophrenia. It may, 
therefore, require the introduction of additional risk factors to the MIA model to create 
more schizophrenia-like symptoms. Alternatively, due to the control rats choosing more 
LCLR choices pre-reversal in anticipation of the upcoming reversal, the average %HCHR 
choices were reduced for the control rats, which may have obscured any avolition present 
in the MIA model. Similarly, avolition may have been obscured as the control rats may 
also have decreased motivation, and selected less HCHR choices, due to their increased 
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weight compared to if they were a similar weight to the MIA rats. We might have expected 
to see reduced running speed in the control rats as an indicator of their increased weight 
reducing motivation. However running speed between the two groups did not differ, 
although this may reflect that both groups had decreased motivation. Based on these data it 
is difficult to determine if there is no avolition present in the MIA model, or whether both 
groups had decreased motivation but for different reasons (avolition for MIA rats and 
increased weight for control rats). 
Time spent in the decision-making part of the maze (vertex) varied for LCLR 
choices across the quarters, and this variation may reflect different decision-making 
processes. Specifically, control rats spent less time in the vertex when they were about to 
make LCLR choices prior to the reversal, compared to both their LCLR choices in the rest 
of the session, and to MIA rats. It has been hypothesised that control rats make 
anticipatory LCLR choices as they approach the reversal. If the rat is making an 
anticipatory LCLR choice, then we are likely to see a decrease in deliberative decision-
making as the rat is purposely choosing the alternate arm to the current HCHR as opposed 
to making an error. Therefore, a decrease in deliberation might explain the decrease in 
time spent in the vertex as the rat made LCLR choices prior to the reversal. If the rat was 
choosing the LCLR choice in error, we might see an increase in deliberation at the 
decision point and an increase in time spent in the vertex, as is observed for the LCLR 
choices in the rest of the session and for the MIA rats. 
The between-group difference in time in the choice region could not, however, be 
attributed to differences in running speed. Therefore, we hypothesised that an increase in 
latency in the vertex must be due to the rat not making a straight trajectory through the 
choice point, instead turning to face the other direction/ choice. Increased movement at the 
choice point is a common behaviour displayed during deliberative decision-making and 
has been referred to as vicarious trial and error (VTE) (Schmidt et al., 2013). This 
describes the situation where the subject does not make a simple movement towards the 
choice but instead might head towards the other choice initially, or turn its head to look at 
the other choice (Gardner et al., 2013). This is detected as greater tortuosity of the path. 
The time in the choice region and the tortuosity of the path were highly positively 
correlated for both MIA and control rats. This suggests that when the control rats spent 
less time in the vertex for LCLR choices prior to the reversal, they did not turn towards the 
alternative arm as much as during LCLR choices in the rest of the session. To verify that 
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the increase in tortuosity of the path was specific to the decision-making point of the maze, 
and not a general increase across the entire maze, we investigated path tortuosity in a 
region where the rat had already made a decision. Investigation of this control region 
revealed no significant difference in tortuosity and supports the proposal that the increase 
in tortuosity was exclusive to the decision-making part of the maze and is an example of 
increased deliberative decision-making. 
In this interpretation it appears that the control rats were not deliberating in their 
decision-making before a LCLR choice was made immediately pre-reversal. Further 
analysis revealed that pre-reversal LCLR choices had the greatest amount of VTE 
compared to post-reversal LCLR choices. VTE has been associated with changes in 
environment and behavioural flexibility, as increased VTE has been observed initially 
when configurations change before decreasing as the new configuration is understood 
(Johnson & Redish, 2007; Papale, Stott, Powell, Regier, & Redish, 2012; Regier, 
Amemiya, & Redish, 2015). The increase in VTE for the pre-reversal trials may be due to 
increased deliberation during the earlier LCLR trials, when the rat is learning the new 
configuration, and not the LCLR trials approaching the reversal. Although if the increased 
VTE did reflect the rat learning the new configuration we would also observe this post-
reversal as well. Due to there actually being two reversals, one within the session and one 
between sessions, it is likely that the increase in VTE associated with learning a new 
configuration is found in both pre-reversal and post-reversal so we would not observed a 
difference across the reversal. Additionally, the increase in VTE would be observed for 
both HCHR and LCLR choices as the rat is learning the configuration and is unsure of 
which side contains which choice. VTE has also been associated with exploration based on 
previous knowledge (Johnson, Varberg, Benhardus, Maahs, & Schrater, 2012), which in 
this case can apply to the anticipatory LCLR choices pre-reversal. The anticipatory LCLR 
choices pre-reversal are the rat exploring this side with the knowledge that it will soon 
become the HCHR choice. Therefore, the increase in VTE for pre-reversal LCLR choices 
could result from the rat deliberating whether the reversal has occurred yet. However, this 
increase in VTE for pre-reversal LCLR choices was found in both control and MIA rats, 
but MIA rats did not display the increase in LCLR choices as the reversal approached that 
would suggest they were making anticipatory LCLR choices. 
MIA rats had significantly increased choice-point VTE relative to control rats 
across the experiment. This increase in VTE might suggest that the MIA rats were using 
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more deliberative decision-making, are more behaviourally flexible, and are exploring 
based on previous knowledge, based on the previous findings of the involvement of VTE 
in these behaviours (Johnson & Redish, 2007; Johnson et al., 2012; Papale et al., 2012; 
Regier et al., 2015). However, other behavioural data suggests that the MIA rats have 
decreased behavioural flexibility and are not exploring based on previous knowledge. 
Increased VTE, in addition to behavioural flexibility and exploration, has previously been 
associated with increased choice difficulty (Steiner & Redish, 2014). Therefore, is more 
likely that the increased VTE in the MIA rats is due to them perceiving the choice as being 
more difficult than control rats. The increase in choice difficulty might occur because the 
MIA rats may find the distinction between the two choices (HCHR/LCLR) is smaller than 
for the control rats, possibly due to avolition and not rating the HCHR choice as optimally 
as control rats. Studying VTE in patients with schizophrenia may also provide an insight 
into difficulties in decision-making within the disorder. In healthy controls increased VTE 
was correlated with increased path length and duration in a goal-oriented virtual reality 
task (Santos-Pata & Verschure, 2018). Interestingly, in patients with schizophrenia an 
increase in path length and duration is also observed in a goal-oriented virtual reality task, 
particularly in those with increased avolition (Siddiqui et al., 2019). Therefore, we might 
see increased VTE in patients with schizophrenia as well. 
Alternatively, as VTE and deliberative decision-making are hypothesised to be a 
result of the use of working memory to explore possible outcomes (Redish, 2016), an 
increase in VTE in MIA rats may also be due to memory deficits. If the MIA rats also have 
difficulties in manipulating and updating the information within their working memory, as 
is observed in patients with schizophrenia (Gold, Barch, et al., 2018; Gold, Robinson, et 
al., 2018), an increase in VTE may be due difficulties in exploring the possible outcomes. 
It was also observed that MIA rats had significantly increased latency in the 
decision-making parts of the maze (midstem and vertex) in the LCLR choices towards the 
end of the session relative to the rest of the session including HCHR choices, and control 
rats. Given the correlation to VTE, the increase in latency may reflect an increase in 
deliberative decision-making. It is difficult to explain why there might be an increase in 
deliberation at the end of the session for LCLR choices, and as the number of LCLR trials 
was small at the end of the session for both MIA and control rats this difference may not 
be replicable. It might be due to fatigue resulting in the LCLR choice becoming more 
appealing, and choice difficulty increasing. However, we would expect to see the increase 
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in VTE when the rat was about to make a HCHR choice as well, as the rat would be 
deliberating more whether to put in the energy for the increased reward given its fatigue. 
 In summary, MIA rats demonstrated changes in decision-making, most likely due 
to memory deficits, behavioural inflexibility, and possibly avolition. Memory deficits 
appear to result in the MIA rats forgetting the configuration from the previous session and 
forgetting that the task includes a reversal. Alternatively, the changes may be due to 
behavioural inflexibility in that MIA rats fail to adapt their behaviour considering the 
approaching reversal, and because behavioural inflexibility is observed post-reversal. 
Evidence of avolition in the MIA animal model is not clear. While there is no difference in 
the overall percentage of HCHR choices chosen between control and MIA rats, this may 
be due to increased anticipatory LCLR choices pre-reversal in control rats. Additionally, 
the increase in VTE observed in MIA animals may provide support for avolition, although 
it may also be due to a deficit in working memory. The deficits in decision-making in the 
MIA animal model correlate with the deficits observed in patients with schizophrenia, with 
the exception of avolition. As the production of the MIA model only exploits a single risk 
factor, it may be that using more than one risk factor in the production of the model will 




Chapter 4 : Abnormalities in the local field potential of the ACC and 
VTA in the MIA model during a decision-making task 
4.1 Introduction 
Patients with schizophrenia suffer from deficits in decision-making and motivation 
which have been linked to reduced functional outcomes (Fervaha, Foussias, et al., 2014; 
Green et al., 2004). To develop treatments for these deficits we need to better understand 
the dysfunction within the brain that causes them. Two potential brain regions that might 
be involved are the anterior cingulate cortex (ACC) and the ventral tegmental area (VTA). 
The ACC is involved in decision-making, specifically it takes previous knowledge 
(Blanchard & Hayden, 2014) and potential outcomes, including the cost required to 
achieve them (Kolling et al., 2012), and uses this information to drive a decision towards 
the optimal choice (Hillman & Bilkey, 2010). The ACC is then involved in modulating the 
motivational signal associated with the optimal choice, possibly via its connection with the 
VTA, a region known to signal motivational value (Bromberg-Martin et al., 2010; Elston 
& Bilkey, 2017; Mohebi et al., 2019). 
Deficits in the activity of the ACC and the VTA of patients with schizophrenia 
have previously been observed in relation to decision-making and motivation. Within the 
ACC, reduced activity has been linked to deficits in various aspects of decision-making 
including cognitive control (Alústiza et al., 2017; Minzenberg et al., 2009), working 
memory (Dauvermann et al., 2017; Jalbrzikowski et al., 2018), reward anticipation 
(Gilleen et al., 2015; Walter et al., 2009) and error processing (Carter et al., 2001; Laurens 
et al., 2003; Minzenberg et al., 2014). While within the VTA, reduced activity is observed 
in patients in response to rewarding stimuli (Murray et al., 2008; Rausch et al., 2014) and 
increased working memory load (Dauvermann et al., 2017). Avolition has also been linked 
to reduced activation in the ACC (Park et al., 2015), and the VTA (Knolle et al., 2018; 
Köhler et al., 2019). 
The dysconnection hypothesis proposes that dysconnectivity between brain regions 
results in schizophrenia symptoms (Friston et al., 2016). Therefore, it could be that 
dysconnectivity between the ACC and VTA in patients with schizophrenia may result in 
deficits in decision-making and motivation. Both the ACC and VTA have shown both 
reduced and increased connectivity with other brain regions in schizophrenia (Cui et al., 
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2015; Ferri et al., 2018; Gradin et al., 2013; Park et al., 2017; Shukla et al., 2019). Whether 
the connectivity is reduced or increased can also depend on task requirements, for example 
during memory encoding the ACC has reduced connectivity with the frontal hippocampal 
network, but during memory retrieval connectivity is increased (Woodcock et al., 2016). 
Dysconnectivity in schizophrenia involving the ACC or VTA has also been observed in 
relation to decision-making and motivation. Reduced connectivity involving the ACC has 
been linked to deficits in goal-directed behaviour (Lord et al., 2011), while reduced 
connectivity involving the VTA (including its connection to the ACC) has been linked to 
avolition in schizophrenia (Giordano, Stanziano, et al., 2018; Hadley et al., 2014; Park et 
al., 2017; Xu et al., 2019).  
Therefore, there is evidence that both the ACC and VTA of patients with 
schizophrenia have reduced activity and connectivity in tasks that examine aspects of 
decision-making and motivation. However, these human studies have examined these 
regions using either fMRI, which can only study temporal frequencies slower than 0.1Hz 
(Beckmann et al., 2005), or EEG, examining event-related potentials that focus on a 
specific increase in activity following a stimulus, and so only provide a limited view of 
dysfunction within these regions. EEG also is unable to clearly locate the origin of these 
signals. Differences in activity and coherence in several EEG frequency bands have been 
observed between patients with schizophrenia and healthy controls. For example, when 
attentional load is increased patients do not display the increase in beta oscillatory activity 
(between 10-30Hz) that is observed in controls (Ghorashi & Spencer, 2015; Liddle et al., 
2016; Popov et al., 2019). A global decrease in EEG  power in the theta frequency band 
(6.5-8Hz) has been observed in patients with schizophrenia compared to controls (Koenig 
et al., 2001), as well as a decrease in coherence between frontal regions in patients in the 
delta (1.5-3.5Hz), theta (4-7.5Hz), and alpha (8-12.5Hz) frequencies (Tauscher et al., 
1998). 
Currently no experiments that have used the MIA model (nor any other 
schizophrenia animal model) have investigated the ACC and VTA in relation to decision-
making and motivation, although VTA neurons have been shown to display reduced firing 
in anaesthetised MIA rats compared to controls (De Felice et al., 2019; Luchicchi et al., 
2016). Additionally, there is evidence of dysconnectivity in the model, with reduced 
connectivity between the medial PFC and hippocampus that has been linked to deficits in 
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information processing (Dickerson et al., 2010). This reduced connectivity was observed 
in delta (2-4Hz), theta (4-12Hz), beta (12-30Hz), and low gamma (30-48Hz). 
In summary, there is dysfunction in the ACC and VTA of patients with 
schizophrenia in relation to deficits in decision-making and motivation. Additionally, there 
is evidence of abnormalities in the VTA within the MIA model, and dysconnectivity 
between brain regions. Therefore, we hypothesise that there will be dysfunction in the 
ACC and VTA, and the connectivity between the two regions, in MIA rats that will be 
most apparent during a decision-making task. Within control rats an increase in the delta 
band (2-5Hz) has been observed in the ACC and VTA activity and coherence during a 
decision-making task compared to during open-field exploration (Elston et al., 2019; 
Elston et al., 2018; Fujisawa & Buzsaki, 2011). We expect that in the control rats we will 
replicate this finding of a peak in delta during the task. However, we hypothesise that MIA 
rats may show abnormalities in this delta peak. 
 
4.2 Results 
4.2.1 ACC electrodes located in cingulate cortex region one and VTA electrodes were 
located in the parabrachial pigmented nucleus of the VTA 
Several issues occurred during histology. Firstly the machine used to pass the 
current through each electrode stopped working part way through histology (we are unsure 
how many rats this may have impacted), therefore most of the rats did not have a lesion at 
the electrode site. Additionally, due to confusion with solutions 10 rats were perfused with, 
and initially stored in, 1% formalin in saline instead of 10% formalin in saline. Once this 
mistake was realised these brains were subsequently stored in 10% formalin in saline. As a 
result of these issues we were only able to find the location of three ACC electrodes and 
three VTA electrodes (Figure 4.1). ACC electrodes were all located within cingulate 
cortex region one (equivalent to Brodmann area 24b (Vogt & Paxinos, 2014)), while all 






Figure 4.1 Example of electrode placements in the ACC (a) and VTA (b) taken from the same animal. 
 
4.2.2 Initial analysis of local field potential data indicated potential differences between 
the MIA and control rats 
Local field potential (LFP) data was collected for 10 control rats and nine MIA rats 
(example of filtered LFP data in Figure 4.2Error! Reference source not found.), as some 
rats were removed from this analysis due to too much noise on one or more channels. 
There was an average of 10 sessions per rat.  
Power spectral density graphs were produced from the mean power and coherence 
of the ACC and VTA across the entire experiment for each choice and treatment 
(MIA/control; Figure 4.3). We noted that there is a peak in power and coherence within the 
delta (2-5Hz) frequency in both the ACC and VTA. An additional peak was observed in 






Figure 4.2 Examples of LFP data filtered to 1-45Hz for (a) a control rat, and (b) a MIA rat. Data is a sample of 4 
seconds from a single session for each rat. For each (a) and (b) the top is the LFP recorded from the VTA and the bottom 









































Figure 4.3 Power spectral densities for the (a) ACC and (b) VTA for the two choices (HCHR/LCLR), and MIA and 
control rats (±SEM). (c) ACC-VTA coherence spectral density for the two choices (HCHR/LCLR), and MIA and control 
rats (±SEM). 
 
4.2.3 Power and coherence in the delta frequency of the ACC and VTA during the 
decision-making part of the maze is related to differences in decision-making and 
motivation 
We had previously noted changes in behaviour, occurring approximately within 
each quarter of the recording (see section 3.2.2). For this reason we then investigated how 
ACC and VTA power and coherence changed as the animal was within the vertex, the part 
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of the maze where an animal was about to make a decision about which arm to take, across 
each quarter the recording session. These data were analysed with a three-way ANOVA 
(quarter, choice, and treatment) which revealed a main effect of quarter (F (3, 51) = 25.58, 
p < 0.0001) and choice (F (1, 17) = 6.34, p = 0.02) for ACC power. ACC power increased 
through the quarters and was higher when the rat was about to make a HCHR choice 
compared to a LCLR choice (Figure 4.4a). An analysis of VTA power revealed a 
significant interaction between quarter and choice (F (3, 37) = 3.55, p = 0.02), as within 
the 2nd and 4th quarters LCLR choices had decreased power relative to HCHR choices 
(Figure 4.4b). For coherence between the ACC and VTA there was a significant 
interaction between quarter, choice, and treatment (F (3, 37) = 3.59, p = 0.02), which 
appears to be due to differences in the 3rd quarter. Control rats have increased coherence in 
the 3rd quarter when they were about to make a HCHR choice compared to a LCLR choice, 
whilst MIA rats had a smaller difference in coherence between choices and it was 
increased for LCLR choices rather than HCHR choices (Figure 4.4c). 
We next investigated partial directed coherence (PDC) between the VTA and ACC 
in the delta frequency range while the animal was within the vertex region. PDC indicates 
the direction of the coherence, the degree to which one brain region is leading the other. A 
significant interaction was observed between choice and quarter for the ACC to VTA PDC 
(F (3, 47) = 4.23, p = 0.01; three-way ANOVA). There was no difference in the coherence 
for the HCHR choice throughout the session, but for LCLR choices a decrease in ACC to 
VTA coherence was observed in the 2nd and 4th quarters. (Figure 4.4d). When analysing 
the VTA to ACC PDC a significant interaction was found between treatment, choice, and 
quarter (F (3, 47) = 3.32, p = 0.03). It was observed that as the MIA rats were selecting 































































Figure 4.4 (a) ACC power, (b) VTA power, (c) ACC VTA coherence for control versus MIA rats for each quarter in the 
vertex (±SEM). PDC in the delta (2-5Hz) frequency band for control and MIA rats, HCHR and LCLR choices, and 
across quarters when (d) the ACC is signalling the VTA, and (e) when the VTA is signalling the ACC (±SEM). 
 
4.2.4 Increased beta frequency power in the ACC of MIA rats compared to controls 
 For the ACC, a potential difference between the treatment groups was observed for 
power in the 12-30Hz (beta) range (Figure 4.5a). We therefore collapsed the data from 
across the experiment for the 12-30Hz range. Analysis with an unpaired t-test revealed a 
significant difference in power (t (17) = 2.88, p = 0.01) between control (1.44 ± 0.02mV2) 
and MIA (1.54 ± 0.03mV2) rats with MIA rats having increased beta power compared to 
controls (Figure 4.5b). 
To investigate if this difference between MIA and control rats differed for choice 
or quarter we analysed the data with a three-way ANOVA (Figure 4.5c). A significant 
main effect of treatment was observed (F (1, 47) = 7.81, p = 0.008), and a significant 
interaction for choice x quarter (F (3, 47) = 3.68, p = 0.02). As was observed previously, 
ACC beta power was consistently increased for MIA rats compared to controls. Both 
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treatment groups had a decrease in power for the LCLR choices as the session progressed, 
while power remained steady in the HCHR choices before the reversal (1st and 2nd 
quarters) and decreased post-reversal (through 3rd and 4th quarters). 
As differences in the vertex had been found in the delta frequency band, we next 
investigated other maze regions by separating these data into maze regions, choice, and 
treatment. A three-way ANOVA (treatment, choice, maze region) found a significant main 
effect of treatment (F (1, 17) = 7.80, p = 0.01), and a significant interaction for choice x 
maze region (F (3, 51) = 9.26, p < 0.0001; Figure 4.5d). As previously, MIA rats showed 
consistently higher ACC beta power overall compared to control rats. For both control and 
MIA rats power steadily decreased through each maze region as they ran around the maze, 
with the exception of the barrier region for HCHR choices, where there was a small 






Figure 4.5 (a) Power frequency plot for the ACC LFP data (±SEM). Differences in power in the 12-30Hz band; (b) 
across the entire experiment (±SD), (c) for each choice and quarter (±SEM), (d) for each choice and maze region 
(±SEM). 
 
4.2.5 Reduced theta frequency power in the VTA of MIA rats compared to controls 
The power spectral density plot of data recorded from the VTA revealed a 
difference in the theta (7-12Hz) frequency band between control and MIA rats (Figure 
4.6a). Analysis of the theta frequency power with an unpaired t-test found a significant 
difference (t (17) = 2.61, p = 0.02) between the control (2.78 ± 0.02mV2) and MIA (2.67 ± 
0.03mV2) rats (Figure 4.6b). MIA rats had reduced power in the VTA theta frequency 
band compared to control rats. We next used a three-way ANOVA to test if the difference 
in power varied for choice and quarter in addition to treatment. Only a significant main 
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effect of treatment was found (F (1, 47) = 27.62, p < 0.0001; Figure 4.6c). Similarly, when 
a three-way ANOVA investigated maze region, choice, and treatment, only a main effect 
of treatment was observed (F (1, 17) = 6.37, p = 0.02; Figure 4.6d). As before, in both 














Figure 4.6 (a) Power frequency plot for the VTA LFP data (±SEM). Differences in power in the 7-12Hz band; (b) across 




4.2.6 No difference in ACC-VTA coherence between MIA and control rats 
 The coherence between the ACC and VTA was initially examined by producing a 
coherence x frequency plot (Figure 4.7). No discernible difference could be seen in any 
frequency band between MIA and control rats across the entire experiment. Therefore, 
further analyses were performed on the two frequency bands that differences had been 
observed in power in the ACC (12-30Hz; beta) and the VTA (7-12Hz; theta). Two three-
way ANOVAs (quarter, choice, and treatment; maze region, choice, and treatment) were 
performed on data from both frequency bands. Only a significant interaction between 
choice and maze region was observed, in both the theta (F (3, 51) = 6.37, p = 0.049) and 
beta (F (3, 51) = 3.06, p = 0.037) frequency. In both frequency bands the coherence 
between the ACC and VTA decreased in the barrier region for HCHR choices (barrier 
present) compared to LCLR choices (barrier absent). 
 
 
Figure 4.7 Coherence between ACC and VTA across frequencies for each choice within each treatment group (±SEM). 
 
4.2.5 No difference in ACC-VTA PDC between MIA and control rats 
 Although no difference was observed in the coherence for either theta or beta 
frequencies, we investigated whether there was any difference in the PDC in either 
frequency band. We tested for differences in PDC for each frequency band, comparing 
data for the ACC leading the VTA, and the VTA leading the ACC (7-12Hz ACC leading 
VTA, 12-30Hz ACC leading VTA, 7-12Hz VTA leading ACC, 12-30Hz VTA leading 
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ACC), between the MIA and control rats. No differences were found when comparing 
across the entire experiment (unpaired t-tests). Nor was there a significant main effect or 
interaction involving treatment observed when investigating maze region, choice, and 




While the animal is in the decision-making part of the maze, ACC activity is 
increased in the delta frequency when the rat is about to make a HCHR choice compared 
to LCLR choices. Previously we observed that the rats made more HCHR choices than 
LCLR choice across the experiment suggesting this is the choice they deem as more 
optimal. Therefore the increased activity is associated with the more optimal choice, which 
correlates with previous research (Elston et al., 2019). Additionally, past research has 
associated ACC neuronal activity with the cost-benefit analysis, with a significant number 
of neurons encoding the optimal choice (Hillman & Bilkey, 2010; Kolling et al., 2012). It 
could be that in the current experiment the increase in activity is due to the cost-benefit 
analysis and an increase in ACC neurons firing for the optimal choice. As there was no 
difference in ACC delta activity between the MIA and control rats, this suggests that the 
ACCs involvement in the cost-benefit analysis is intact in MIA rats. 
Activity in the delta frequency band in the VTA is also increased when the rat is 
about to make a HCHR choice, although only in the 2nd and 4th quarters. Initially at the 
start of the session and immediately post-reversal, when the rat is learning the location of 
each choice, the activity in the VTA does not differ between each choice (HCHR/LCLR). 
As the VTA has previously been shown to signal motivational value (Bromberg-Martin et 
al., 2010; Elston & Bilkey, 2017; Mohebi et al., 2019), it may be that initially for each 
session half the motivational value for each choice is similar so the activity within the 
VTA does not differ for each arm. However, once the rat has learnt the location of each 
choice, the delta activity in the VTA is decreased when the rat is about to make a LCLR 
choice as the motivational value for this choice is decreased. Therefore, it appears that 
VTA activity also reflects the optimal choice, but adjusts to the new location of the HCHR 
choice slower than the activity in the ACC. No difference was found between MIA and 
control rats in the delta activity of the VTA at the decision point. If the delta activity in the 
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VTA is linked to motivational value this might suggest that this aspect of motivation is 
intact in the MIA model.  
Immediately post-reversal control rats show a decrease in coherence between the 
ACC and VTA in the delta frequency when they are about to make a LCLR choice, but an 
increase when they are about to make a HCHR choice. For MIA rats there is no difference 
in delta coherence between the two choices, supporting our hypothesis of dysfunction 
within the delta frequency band. As the location of the choices has just reversed it may be 
that in the controls the increase in coherence for HCHR choices is linked to the rats need to 
adjust its behaviour to continue selecting the HCHR choice. Therefore, the lack of a 
difference in coherence in the MIA rats may be linked to the decrease in behavioural 
flexibility that is observed post-reversal. Previous results also suggest that the ACC-VTA 
coherence in the delta frequency is involved in behavioural flexibility (Elston et al., 2019). 
Additionally, a difference in the delta frequency of VTA to ACC PDC is observed 
between MIA and control rats at the decision point further supporting our hypothesis. 
Specifically, the VTA to ACC coherence increases for MIA rats when they are about to 
make LCLR choice immediately post-reversal compared to controls, and other LCLR 
choices throughout the session. Past research also observed an increase in the VTA to 
ACC signal for post-reversal LCLR choices, although this was in control rats (Elston et al., 
2019; Elston et al., 2018). It was thought that the increased signal was related to error 
detection and adaptation of behaviour. As MIA rats made more LCLR choices post-
reversal, this increase in VTA to ACC coherence may reflect an increase in errors. Further 
suggesting that the decrease in HCHR choices post-reversal is not due to a decrease in 
motivation but a decrease in behavioural flexibility. The MIA rats still prefers the HCHR 
choice (still chose the HCHR choice more often than the LCLR choice), but they find it 
more difficult to adapt their behaviour to the reversal of the location. 
MIA rats show an overall increase in activity in the ACC in the beta frequency 
band. While this result is consistent with our hypothesis of dysfunction within the ACC, it 
is contrary to what is observed in patients with schizophrenia who have decreased beta 
oscillations (Ghorashi & Spencer, 2015; Liddle et al., 2016; Popov et al., 2019). However, 
the decrease beta oscillations in patients is broad and not specific to the ACC, and was 
only observed when attentional load was increased. It has been suggested that an increase 
in beta band oscillations is associated with the maintenance of default behaviour (Engel & 
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Fries, 2010). Therefore, an increase in beta band oscillations in the ACC of the MIA rats 
compared to controls may contribute to their decreased behavioural flexibility.  
As previously observed (Elston et al., 2019; Elston et al., 2018; Fujisawa & 
Buzsaki, 2011) a peak in activity in the delta frequency band (2-5Hz) was observed in the 
ACC and VTA in the current decision-making task. However, we also observed an 
additional peak in the VTA in the theta frequency, which was reduced in the MIA rats 
compared to controls over the entire experiment. This reduced theta frequency supports 
our hypothesis of dysfunction in the VTA in the MIA rats. Theta oscillations in the VTA 
have previously been observed to increase in response to stimuli that predicted reward 
(Kim et al., 2012), which correlates with the VTAs role in motivational value (Bromberg-
Martin et al., 2010; Elston & Bilkey, 2017; Mohebi et al., 2019) as stimuli that predict 
reward could be considered to have increased motivational value. Therefore, as the 
decrease was observed throughout the experiment, it could be that the MIA rats have a 
general decrease in motivation to complete the task. Recordings taken during an open field 
(appendix) suggest that this difference is specific to the decision-making task. However, 
there were no behavioural differences that support the theory of decreased motivation, for 
example an overall decrease in HCHR choices relative to controls. Although research in 
patients with schizophrenia has also found reduced VTA activity but no behavioural 
differences compared to healthy controls (Murray et al., 2008; Rausch et al., 2014). It may 
be that the current experimental design was not able to detect behavioural differences.  
ACC and VTA activity and coherence in the delta frequency at the decision point is 
linked to decision-making and motivation. However, in MIA rats a deficit is observed in 
coherence, including VTA to ACC coherence, which may be related to their behavioural 
inflexibility. A general increase in the beta band activity of the ACC in MIA rats may also 
be linked to increased behavioural inflexibility. Additionally, a general decrease in the 
theta band of the VTA in MIA rats is observed, which may suggest a deficit in motivation 
in the MIA model that is not evident in behaviour. 
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Chapter 5 : Differences in the firing properties of single-units 
within the ACC during a decision-making task between the MIA and 
control rats 
5.1 Introduction 
Patients with schizophrenia demonstrate reduced willingness to expend effort for a 
greater reward during a cost-benefit decision-making task (Barch et al., 2014; Fervaha et 
al., 2013; Gold et al., 2013; McCarthy et al., 2016; Park et al., 2017; Reddy et al., 2015; 
Treadway et al., 2015). This decrease in motivation does not appear to be due a decrease in 
the patients’ valuation of the reward, as when cost is controlled for, patients value the 
reward similarly to healthy controls (Culbreth et al., 2016; Fervaha et al., 2013). Therefore, 
it seems that the decrease in motivation is due to patients perceiving the cost as inflated, 
resulting in a bias in the cost-benefit analysis and a decrease in the value applied to that 
choice. 
The ACC is involved in this cost-benefit analysis, with evidence suggesting it 
incorporates previous knowledge with the cost and benefit of the current options to 
determine the optimal choice (Blanchard & Hayden, 2014). ACC neurons encode the 
variables involved in the cost-benefit analysis, in particular the cost (delay, air puffs, 
lifting a weighted lever, climbing a barrier, running up an incline, or probability), benefit, 
or overall value (both cost and benefit) of each choice (Amemori et al., 2015; Blanchard & 
Hayden, 2014; Cai & Padoa-Schioppa, 2012; Cowen, Davis, & Nitz, 2012; Hosokawa et 
al., 2013; Luk & Wallis, 2013; Wang, Shi, et al., 2017). 
Some ACC neurons (29% and 63% of total neurons recorded from the past 
experiments respectively) were shown to adapt their activity based on the optimal choice 
(Amiez et al., 2006; Hillman & Bilkey, 2010). Many of these neurons had a positive firing 
rate correlation with the optimal choice, and therefore had an increased firing rate when 
the optimal choice was selected. The optimal choice was not always the option that 
provided the greatest reward for the least effort, but also included exploration or 
anticipation choices. These are choices where it is either unknown or not certain what cost 
and benefit the choice offers. Exploration or anticipation choices could be considered 
optimal under some circumstances as they may lead to a greater reward overall, rather than 
that offered within an individual trial. The activity of the ACC neurons that encode the 
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optimal choice therefore reflect a more complicated cost-benefit analysis and incorporate 
more variables than the currently available cost and benefit. 
As cost-benefit analyses have been shown to be dysfunctional in schizophrenia and 
because the ACC is involved in this type of analysis, it might be hypothesised that there is 
dysfunction in the ACC in schizophrenia, particularly during decision-making. Consistent 
with this proposal, there is evidence of reduced oscillatory activity in the ACC of patients 
with schizophrenia when cognitive control is required (Alústiza et al., 2017; Minzenberg et 
al., 2009), when working memory load is increased (Dauvermann et al., 2017; 
Jalbrzikowski et al., 2018), and during reward anticipation (Gilleen et al., 2015; Park et al., 
2015; Walter et al., 2009). This decreased oscillatory activity may be due to decreased 
synchrony of the ACC neurons. 
In addition to the abnormal oscillatory activity observed in patients with 
schizophrenia, there is also evidence of abnormal glutamate levels in the ACC. The 
glutamate hypothesis suggests that it is antagonism of the glutamate NMDA receptors on 
corticolimbic GABA interneurons that produces the symptoms in schizophrenia (Belforte 
et al., 2010). Reduced glutamate in the ACC has been linked to cognitive (Reid et al., 
2019; Wang et al., 2019) and negative (Jauhar et al., 2018; Kumar et al., 2018) symptoms. 
However, other studies have found ACC glutamate is increased in patients compared to 
healthy controls (Kim et al., 2018; Merritt et al., 2016), with this difference between 
studies possibly due to differences in the aetiology of schizophrenia (Egerton et al., 2018; 
Mouchlianitis et al., 2016; Tarumi et al., 2020). In the MIA model reduced GABAergic 
inhibitory neurotransmission is observed in the hippocampus (Dickerson et al., 2014; 
Meyer, Nyffeler, Yee, et al., 2008; Zhang & van Praag, 2015). This dysfunction in 
inhibitory neurotransmission may be why an increased firing rate is observed in the medial 
PFC neurons of MIA rats, and reduced synchrony between the medial PFC and 
hippocampus (Dickerson et al., 2010). Specifically, it was observed that the medial PFC 
neurons in the MIA rats had decreased clustering to the hippocampal oscillations, and a 
different mean phase angle of firing both to the medial PFC and hippocampal oscillations. 
Hippocampal neurons also showed an altered mean phase angle of firing to hippocampal 
oscillations in MIA rats relative to controls, although there was no difference in clustering 
or mean firing rate (Wolff & Bilkey, 2015). Therefore, there is evidence of abnormal 
synchrony in the MIA model. 
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In the current experiment we expect to find ACC neurons will encode the cost 
(presence; HC/ absence of the barrier; LC), reward (high reward; HR/ low reward; LR), 
and the value of each choice (HCHR/LCLR), as observed previously. Due to avolition and 
the increased perception of cost in patients with schizophrenia we hypothesise that the 
number of ACC neurons showing selectivity for each choice will differ. For MIA rats we 
predict that the number of ACC cells encoding the HCHR choice will be lower, and the 
number encoding the LCLR choice will be higher, than control rats. Additionally, we 
predict that the MIA rats will have more ACC neurons encoding the cost (barrier region), 
in particular when the barrier is present, due to increased perception of cost. 
Due to abnormalities in ACC glutamate levels observed in patients with 
schizophrenia, and the dysfunction of the inhibitory neurons observed in the medial PFC in 
the MIA model, we expect to see an increased firing rate of the ACC neurons in the MIA 
rats compared to the control rats. We predict that there will be no difference in clustering 
of ACC neurons to the VTA oscillations between MIA and control rats, as no difference 
was observed in coherence in the current experiment. However, a decrease in clustering of 
the ACC neurons to the beta oscillations in the ACC is hypothesised to be observed in the 
MIA rats, as a decrease in activity in beta oscillations is observed in the local field 
potential data. As the mean phase angle at which neurons in both the medial PFC and 
hippocampus fired differed in the MIA rats to controls in previous studies, we predict that 
ACC neurons will also fire at an altered mean phase angle to both the ACC and the VTA. 
 
5.2 Results 
A total of 217 control cells and 141 MIA cells were recorded over the experiment, 
with a mean of seven recording sessions per rat. There was a mean of 18 cells recorded per 
rat (SE = 2.51; control 20 ± 3 cells; MIA 16 ± 3 cells), and a mean of three cells per 
session (SE = 0.12; control 3 ± 0 cells; MIA 3 ± 0 cells). Two rats (one control and one 
MIA) were not included as no cells were found due to noisy recordings, therefore the data 
was taken from 11 control and nine MIA rats. For the phase locking data, two more rats 
were removed (one control and one MIA) due to noisy VTA LFP data. Therefore, the 
phase locking results include data from 10 control rats and eight MIA rats, with 209 




5.2.1 Mean firing rate of ACC cells did not differ between MIA and control cells 
 As firing rate was not normally distributed (D’Agostino & Pearson test, α = 0.05) 
across control (K2 = 158.8, p < 0.0001) or MIA (K2 = 104.5, p < 0.0001) cells we 
transformed the data using common logarithm (log10). The mean firing rate of MIA cells 
(2.21 ± 2.47Hz) was significantly greater than control (1.78 ± 2.55 Hz) cells (t (356) = 
















Figure 5.1 (a) The mean firing rate (Hz) of control (n=217) and MIA (n=141) cells across the entire experiment 
(whiskers represent 5-95 percentile, ‘+’ shows mean, individual points reflect data outside the 5-95 percentiles). (b) The 
transformed mean firing rate of each control and MIA cell across the entire experiment (±SD). 
 
5.2.2 MIA rats had an increased number of ACC cells selective for cost (barrier) and 
value (barrier/reward) compared to controls 
Cells were characterised based on their selectivity for particular aspects of the task. 
Cells were considered selective when their mean firing rate was significantly higher for 
that choice (HCHR or LCLR), side (right or left), or maze region (midstem, vertex, barrier, 
or reward) when compared to the other choice, side, or maze regions respectively. 
Analysis of cell selectivity revealed that more MIA cells (88%) showed selectivity than 
control cells (69%) (X2 (1) = 17.55, p = 0.00003; chi-square test of independence; Figure 
5.2a). 
The number of cells selective for each choice, side, and maze region was compared 
between the MIA and control rats through analysis with a chi-square test of independence 
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(with α < 0.01 to correct for multiple comparisons; Figure 5.2b,c). The chi-square test was 
chosen as it allows us to compare between control and MIA the proportion of selective 
cells (out of total cells for each treatment). When investigating the choices, a trend was 
observed for more MIA cells selective for the LCLR arm (X2 (1) = 17.02, p = 0.03), than 
control cells. For the maze regions significantly more MIA cells were selective for the 
barrier region (X2 (1) = 29.79, p = 0.0006) and barrier/reward region (X2 (1) = 22.73, p < 
0.00001), whilst a trend was found for more MIA cells selective for the midstem/barrier 
region (X2 (1) = 4.04, p = 0.04). Additionally, there was a trend for more MIA cells 
selective for the LCLR barrier region (X2 (1) = 6.42, p = 0.01) than control cells. There 
was no significant difference in the number of cells selective for side. 
To investigate any differences in the behaviour of the choice selective cells we 
analysed the mean firing rate between treatment, maze region, and choice with a three-way 
ANOVA. As we had previously demonstrated firing rate is not normally distributed we 
transformed the data using common logarithm (log10) before performing further analysis. 
For the HCHR selective cells a significant interaction between maze region and treatment 
was found (F (3, 137) = 2.85, p = 0.04; Figure 5.3a). MIA HCHR selective cells had 
increased firing rate in the barrier region relative to control HCHR selective cells. For 
LCLR selective cells there was a significant main effect of treatment (F (1, 124) = 5.25, p 
= 0.02; Figure 5.3b), with an increased firing rate in MIA LCLR selective cells. 
As there was behavioural evidence that the optimal choice may vary across 
quarters we next analysed the mean firing rate of choice selective cells with a three-way 
ANOVA for quarter, choice, and treatment. For HCHR selective cells a significant 
interaction was observed between quarter, choice, and treatment (F (3, 85) = 2.95, p = 
0.04; Figure 5.3c). In the first two quarters (pre-reversal quarters) MIA HCHR selective 
cells have increased firing during HCHR choices compared to LCLR choices, but a similar 
firing rate for both choices in the last two quarters (post-reversal quarters). Control HCHR 
selective cells, however, have a similar firing rate for both choices in the first two quarters, 
but increased firing rate for HCHR choices compared to LCLR choices in the last two 
quarters. For the LCLR selective cells a significant interaction was found between quarter 
and treatment (F (3, 67) = 3.02, p = 0.04; Figure 5.3d). MIA LCLR selective cells have 













Figure 5.2 Percentage of cells selective for choice (HCHR or LCLR, right or left) or maze region (midstem, vertex, 
barrier, reward). (a)Percentage of cells selective for either choice or maze region. (b) Percentage of cells selective for 
choice or maze side. (c) Percentage of cells selective for a maze region(s), and for the presence (HCHR barrier) or 

























Figure 5.3 The mean firing rate (mFR) of choice selective cells. (a) HCHR selective cells mean firing rate in each maze 
region for each choice. (b) LCLR selective cells mean firing rate in each maze region for each choice (c) HCHR selective 
cells mean firing rate in each quarter for each choice. (d) LCLR selective cells mean firing rate in each quarter for each 
choice. 
 
5.2.3 A small significant increase in the number of MIA ACC cells phase locked to ACC 
beta oscillations compared to control cells 
 We investigated the number of ACC cells phase-locked to either theta (7-12Hz), or 
beta (12-30Hz) oscillations in either the ACC or VTA. Cells were considered significantly 
phased locked if a significant result (p < 0.05) was found when analysing the firing rate 
against the oscillation with Rayleigh’s test of uniformity. Less than 10% of ACC cells 
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were phase locked to the ACC or VTA in either the theta band (ACC: control 6.22%, MIA 
3.60%; VTA: control 4.78%, MIA 5.41%) or beta band (ACC: control 0.96%, MIA 
7.21%; VTA: control 5.26%, MIA 3.60%). When comparing between control and MIA 
rats a significant difference was observed in the number of ACC cells phase locked to 
ACC beta oscillations (X2 (1) = 9.36, p = 0.002; chi-squared test), however it is worth 
noting that the number of cells significantly phase locked is small for both groups (control 
n = 2, MIA n = 8). 
 
5.2.4 Mean phase angle of ACC cells to ACC and VTA on 7-12Hz and 12-30Hz oscillations 
differed between MIA and control rats 
The mean phase angle at which the ACC cells fired for theta (7-12Hz) and beta 
(12-30Hz) oscillations within the ACC and the VTA was compared between the MIA and 
control cells (Figure 5.4). We included all cells and not only those that were significantly 
phase locked as the number of significantly phase locked cells was small, but we excluded 
any cells that produced less than 100 spikes during the recording in the analysis (control n 
= 190, MIA n = 138). A mean phase angle and vector length were computed for each cell 
and then analysed with Hotelling’s two sample test. A significant difference was found 
between control and MIA rats’ ACC cell firing to theta oscillations in the VTA (F = 2.97, 
p = 0.05; mean phase angle, control = 128.99, MIA = 108.48; mean vector length, control 
= 0.01, MIA = 0.03), as well as for ACC cells firing to the beta oscillations of the ACC (F 
= 7.65, p = 0.0006; mean phase angle, control = 157.66, MIA = 220.73; mean vector 




Figure 5.4 Phase angle and vector length of ACC neurons against the VTA 7-12Hz (a + b) and the ACC 12-30Hz (c + d) 
oscillations, for MIA (b + d) and control (a + c) rats. Mean phase angle and vector was calculated for each cell, with 
zero degrees corresponding to the trough of the oscillations (either VTA theta or ACC beta). Angle on graph represents 
mean phase angle for cell, length of radius represents number of cells within the mean phase angle bin, colours 
represent the mean vector length (note scales differ for each graph), and the pink arrow points to grand mean phase 
angle and the length represent the grand mean vector length. 
 
5.3 Discussion 
MIA rats had more ACC neurons encoding the cost, value, and less costly choice 
(LCLR), compared to control rats, as we hypothesised. As value-encoding neurons encode 
both the cost and benefit of an option, an increase in the number of both cost- and value-
encoding neurons could reflect an increased sensitivity to cost. Past research into ACC 
neurons in humans found that their activity reflected attentional load (Hill, Boorman, & 
Fried, 2016; Sheth et al., 2012), so it may be that increase in ACC cost-encoding neurons 
for MIA rats in the current experiment is due to an increase in attention to the cost. This 




















































































increase in attention to the cost may be linked to the increased perception of cost that has 
previously been observed in patients with schizophrenia (Gard et al., 2014). Additionally, 
an increase in the perception of cost in patients in a cost-benefit decision-making task has 
been associated with avolition (Barch et al., 2014; Fervaha et al., 2013; Gold et al., 2013; 
McCarthy et al., 2016; Park et al., 2017; Reddy et al., 2015; Treadway et al., 2015). 
However, the current and previous experiments investigating the MIA model have found 
no evidence of avolition in behaviour (Bates et al., 2018; Straley et al., 2017). 
Interestingly, stimulation of anterior midcingulate cortex (region adjacent to ACC, see 
section 1.2.1) neurons in humans has revealed that they experience increased motivation to 
overcome a difficulty (Parvizi, Rangarajan, Shirer, Desai, & Greicius, 2013). Therefore, 
the increase in cost-encoding neurons in the MIA rats may also reflect the increased 
motivation required to overcome the cost in these animals. In studies investigating 
schizophrenia, a difference in motivation between patients and controls was only observed 
when there was a greater cost (Gold et al., 2013; McCarthy et al., 2016; Treadway et al., 
2015). 
Further support for avolition in the MIA model is the increased activity in the ACC 
neurons for the LCLR choice. Specifically, there were more MIA neurons encoding the 
LCLR choice than in controls, and the MIA ACC LCLR neurons had increased activity 
relative to controls. Previously it was observed that significantly more ACC neurons in 
control rats fired for the HCHR choice, and this was the choice that was preferred by the 
rats, as they chose it more often than the LCLR choice (Hillman & Bilkey, 2010). 
Therefore, an increase in neurons encoding the LCLR choice in the MIA rats may mean 
that they may prefer the LCLR choice more than control rats, which in turn implies that 
they are less motivated to put in more effort for the greater reward. 
We observed an increase in firing rate in the MIA cells compared to control cells, 
which is consistent with the previous findings in the medial PFC of MIA rats (Dickerson et 
al., 2010) and our hypothesis. Additionally, the mean phase angle at which the ACC 
neurons fired at was altered in MIA rats for both VTA theta oscillations, and ACC beta 
oscillations. A difference in mean phase angle in the MIA model compared to controls has 
also been found in the medial PFC and hippocampal neurons (Dickerson et al., 2010; 
Wolff & Bilkey, 2015), and therefore may be a deficit found throughout the corticolimbic 
system. It is hypothesised that antagonism of the corticolimbic GABA interneurons results 
in the symptoms of schizophrenia (Belforte et al., 2010), and there is evidence of 
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dysfunction of the GABA interneurons in the hippocampus of MIA rats (Dickerson et al., 
2014; Meyer, Nyffeler, Yee, et al., 2008; Zhang & van Praag, 2015). Therefore, the altered 
mean phase angle may be as a result of dysfunction of the GABA interneurons, as reduced 
activity of GABA interneurons has previously been shown to result in discoordination of 
PFC neurons (Homayoun & Moghaddam, 2007).   
The frequency that the altered mean phase angle was observed at correlates with 
differences observed in activity in the respective regions. MIA rats had reduced theta 
activity in the VTA and increased beta activity in the ACC. It may be that this altered 
synchrony of the ACC neurons in MIA rats leads to the differences in the activity 
observed. As beta oscillations are associated with the maintenance of default behaviour 
(Engel & Fries, 2010), the abnormal synchrony of the ACC neurons may be why a 
decrease in behavioural flexibility is observed in the MIA rats. VTA theta oscillations are 
associated with rewarding stimuli (Kim et al., 2012), and given the VTAs role in 
motivational value (Bromberg-Martin et al., 2010), it may be that the abnormal synchrony 
between the ACC and VTA leads to a decrease in motivational value assigned to choices. 
The MIA rats in the current experiment appear to have an increased perception of 
cost due to an increase in the number of neurons encoding cost, possibly leading to 
reduced motivation and therefore supporting the presence of avolition in the MIA model. 
An increase in activity of the ACC neurons that encoded the lower cost choice was also 
observed in the MIA model compared to controls, possibly signalling an increased 
preference for this choice due to avolition. Additionally, abnormal synchrony was 
observed in the ACC neurons of the MIA rats, with respect to both the ACC and VTA 
oscillations, that may be linked to deficits in behavioural flexibility and motivation. 
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Chapter 6 : Pre-pulse inhibition in the MIA and control rats 
6.1 Introduction 
 Sensorimotor-gating is the reduction of a response to an excessive stimulus when a 
weaker stimulus is presented first. The weaker stimulus acts to reduce the salience of the 
second excessive stimulus therefore reducing the motor response to the excessive stimulus. 
A commonly studied sensorimotor response is the acoustic startle response, where an 
animal’s muscles contract in response to a sudden loud sound (Braff, Geyer, & Swerdlow, 
2001). This startle response is reduced when a quieter sound (pre-pulse) is played just 
before the loud startling sound. This reduced response is also known as pre-pulse 
inhibition (PPI). In schizophrenia there is decreased PPI to the acoustic startle response 
compared to healthy controls (Hass et al., 2017; Takahashi et al., 2011). 
The sensorimotor-gating paradigm can be tested across species as both the acoustic 
startle response and PPI are present in many animals. Therefore, it is a useful tool for 
studying schizophrenia-like impairments in animal models. Indeed many studies that have 
used an MIA animal model of schizophrenia have reported reduced PPI (Howland et al., 
2012; Meehan et al., 2017; Meyer, Nyffeler, Yee, et al., 2008; Ozawa et al., 2006; Wolff & 
Bilkey, 2008, 2010). However, whilst reduced PPI has been seen in most experiments 
investigating the MIA model, there is variation and sometimes contradictory results. One 
study that looked at around 70 rats in each treatment group found reduced PPI at all pre-
pulse intensities (72, 76, 80, and 84dBA) (Wolff & Bilkey, 2010), whereas those that 
looked at around 10 rats (using the same method) found only a significant difference at one 
pre-pulse intensity (76dBA) (Bates et al., 2018; Kleinmans & Bilkey, 2018), possibly 
reflecting that the deficit is mild with some variability.  
In the current experiment we predict that there will be a reduction in PPI in the 
MIA rats compared to the control rats. 
  
6.2 Results 
 The data were obtained from 10 control and 10 MIA rats.  Data is missing for two 
control rats due to technical problems. Raw data that was more than three scaled median 
absolute deviations was removed for each rat and trial type to account for any abnormal 
movement. There were 17 outliers for the control rats removed, with an average of 2 ± 2 
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per rat and 3 ± 2 per trial type. 20 outliers were found and removed from the MIA rat data, 
with an average of 2 ± 2 per rat and 4 ± 1 per trial type. 
Percentage of PPI (%PPI) was calculated by taking the average of the pre-pulse + 
startle (PP) trials over the average of the startle only (S) trials (100 - (PP/S) x 100). A two-
way ANOVA was performed on the results (treatment x pre-pulse intensity). There was a 
significant main effect of pre-pulse intensity on %PPI (F (2.44, 43.98) = 13.67, p = 
<0.0001), but no significant main effect of treatment (F (1, 18) = 1.74, p = 0.20) or 
interaction between treatment and pre-pulse intensity (F (3, 54) = 0.31, p = 0.82; Figure 
6.1). %PPI increased as pre-pulse intensity increased for both control and MIA rats, but no 





Figure 6.1 Percentage of pre-pulse inhibition (±SEM) at each pre-pulse intensity for control and MIA rats. 
 
6.3 Discussion 
PPI increased as the intensity of the pre-pulse increased in both MIA and control 
animals, which is consistent with previous findings (Howland et al., 2012; Meehan et al., 
2017; Meyer, Nyffeler, Yee, et al., 2008; Ozawa et al., 2006; Wolff & Bilkey, 2008, 2010). 
However, no significant difference was observed in PPI between the MIA and control rats, 
which contradicts our hypothesis and previous findings that MIA rats have reduced pre-
pulse inhibition. Previous findings regarding PPI in the MIA model do vary between 
studies however, and can sometimes be contradictory. For example in those studies that 
have looked at both genders, significant results have been observed in only one gender, but 
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this has been the case for both female (Vorhees et al., 2012) and male  (De Felice et al., 
2019; Meehan et al., 2017; Romero, Guaza, Castellano, & Borrell, 2010) animals. When 
Fortier, Luheshi, and Boksa (2007) investigated both LPS and Poly I:C administered at 
one of three different gestation days (GDs), they found that the only significant reduction 
in PPI was when using LPS on later GDs (15/16 and 18/19, not 10/11). Whereas others 
have found that Poly I:C administered on GD9 but not GD17 produced the deficit (Meyer, 
Nyffeler, Yee, et al., 2008). The large variation in the method of producing the MIA model 
likely plays a role in some of the variance. However, in previous experiments that used the 
same method as the current experiment for both the production of MIA rats and for the PPI 
paradigm, a significant reduction in PPI was consistently observed for the 76dBA pre-
pulse for MIA rats (Bates et al., 2018; Kleinmans & Bilkey, 2018; Wolff & Bilkey, 2008, 
2010). Additionally, not only did the current experiment fail to find a significant reduction 
in PPI in the MIA rats, but the trend was also in the opposite direction, with MIA rats 
showing slightly increased PPI relative to the controls. 
A possible explanation for the difference in results between the current experiment 
and previous research, may derive from the different cages used for housing the rats. In 
previous experiments from this lab animals have been housed in open cages whereas those 
in the current experiment were housed in individually ventilated cages (IVCs). It may be 
that the increased constant background noise caused by the ventilation system interferes 
with the PPI. The background noise level of the cages was measured at approximately 
70dBA which is not much quieter than the quietest pre-pulse that we use (72dBA), and 
therefore this may result in a diminished effect of the PPI on the startle reflex. Support for 
this possibility is found in previous research where reduced effect of the PPI deficit in a 
genetic animal model of schizophrenia was observed due to the use of IVCs compared to 
open cages (Logge, Kingham, & Karl, 2014). 
While the lack of a PPI effect in the current experiment might lead to a questioning 
of the efficacy of our MIA intervention, it is likely that background acoustic noise in the 
IVC cages was a factor that contributed to this failure. Furthermore, our other data indicate 
that the MIA animals behaved differently to controls, verifying the effectiveness of the 
intervention in some other measures.  
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Chapter 7 : General Discussion 
7.1 Main findings 
In the current experiment we observed deficits in decision-making in the MIA 
model. These deficits in decision-making behaviour were linked to changes in 
electrophysiology within and between the ACC and VTA. 
 
7.1.1 Electrophysiological data suggests that avolition is present in the MIA model 
Both control and MIA rats showed a preference for the HCHR choice, as both 
selected the HCHR choice more often than the LCLR choice. This preference was for the 
choice and not side as rats continued to select the HCHR choice more often both before 
and after the reversal when the choices swapped sides (Figure 7.4).  
As there is no difference in the willingness to choose the high-cost choice between 
control and MIA rats, initially it appeared that there was no evidence of avolition in the 
MIA model. However, this finding may have been confounded by the reversal procedure. 
While control rats made anticipatory low-cost choices as the reversal approached, this was 
not observed in MIA rats, reducing the number of high-cost choices for control rats over 
the experiment. We could remove the effect of the anticipatory behaviour by only 
analysing the post-reversal choices, however the reversal also results in differences in 
behavioural choices post-reversal due to behavioural inflexibility in the MIA rats. To this 
end we observed decreased high-cost choices in the MIA rats compared to the controls 
post-reversal, however this is at least partially due to an increase in perseveration in MIA 
rats. MIA rats continued to select the low-cost choice following the reversal as it used to 
be the location of the high-cost choice before the reversal. 
While we did not explicitly observe avolition in the behavioural data, 
electrophysiology data suggests that there may be avolition present in the MIA model. 
MIA rats had a greater number of ACC neurons encoding the cost than was found in the 
controls. This increase in cost-encoding neurons may suggest an increase in attention to 
the cost in the MIA rats as increased activity of ACC neurons in humans is associated with 
increased attentional load (Hill et al., 2016; Sheth et al., 2012). The increase in attention to 
the cost may suggest an increase in the perception of the cost, and therefore require 
increased motivation to overcome the cost, resulting in avolition. The reason we may not 
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have observed avolition in the behavioural choices of the MIA rats could be due to the 
level of cost used in the task. Our data show that the MIA rats were still willing to 
overcome the cost for the benefit despite, their increased perception of cost. This may 
mean that the cost was too low to elicit avolition (Figure 7.1). 
 
 
Figure 7.1 The hypothesised differences in the level of cost that the control and MIA rats are willing to overcome for the 
benefit (highlighted area). As the benefit increases the level of cost the rat is willing to overcome increases. However, we 
hypothesise that this cost-benefit analysis is biased in MIA rats due to avolition as they view the cost as more costly. At 
smaller levels of cost the difference between control and MIA rats is less likely to be significant, but the difference 
increases as cost and benefit increase, as is observed in patients with schizophrenia (Gold et al., 2013; McCarthy et al., 
2016). It may be in the current experiment that the high-cost choice falls within the MIA area where they are willing to 
overcome the cost for the benefit. Alternatively, it may be that the high-cost choice falls with the red triangle where the 
difference might not reach significance. 
 
MIA rats also had an increase in ACC neurons encoding the low-cost option 
relative to controls. The increase in encoding of the low-cost choice may reflect an 
increase in attention to this choice, and that the MIA rats viewed the choice as more 
preferable than the control rats. 
Another hint that the MIA rats may have avolition is the general decrease in VTA 
theta activity throughout the experiment. VTA theta activity has previously been shown to 
increase in the presence of stimuli that predicted reward (Kim et al., 2012). Therefore, it 
could be that the decrease in VTA activity means MIA rats view the task as less rewarding 
than controls, possibly due to a bias in the cost-benefit analysis. Whilst the VTA is not 
directly involved in the cost-benefit analysis, the ACC is, and the reduced theta activity in 
the VTA was linked to decreased synchrony of the ACC neurons. Specifically, the ACC 
neurons in the MIA rats had an altered mean phase angle to the VTA theta oscillations 









oscillations (Buzsaki & Draguhn, 2004), so it may be that the altered angle at which the 
MIA ACC neurons fired to the VTA theta oscillations is linked to the reduced activity. It 
therefore appears that both the ACC and VTA and their reciprocal connection are linked to 
the apparent bias of the cost-benefit analysis in the MIA rats (Figure 7.2). 
 
 
Figure 7.2 Connectivity between the ACC and VTA, and the possible function this reciprocal connection may underlie. It 
may be that the decrease in theta activity in the VTA results in decrease in motivational value signalled to the ACC 
biasing the cost-benefit analysis, which takes into account relevant previous knowledge including motivational value 
assigned to stimuli. Alternatively it may be that a decrease in synchrony of the ACC to the VTA results in a reduction of 
theta activity in the VTA leading to a decreased motivational value assigned to stimuli. Adapted from (Paxinos & 
Watson, 2006). 
 
7.1.2 Increased vicarious trial and error in the MIA model indicates increased difficulties 
in decision-making 
Throughout the experiment the MIA rats showed a greater amount of vicarious trial 
and error (VTE) at the choice point compared to controls. VTE is regarded as a measure of 
deliberative decision-making, as it measures the degree to which the rat turns to face the 
other choice (Schmidt et al., 2013). Previously VTE has been associated with behavioural 
flexibility (Johnson & Redish, 2007; Papale et al., 2012; Regier et al., 2015), exploration 
based on previous knowledge (Johnson et al., 2012), and increased choice difficulty 












suggested impaired memory and decreased behavioural flexibility in the MIA rats, it is 
unlikely that the increase in VTE is due to exploration or increased behavioural flexibility. 
Therefore, the increase in VTE in the MIA rats might be due to increased choice difficulty, 
in that the MIA rats are perceiving the decision as more difficult than the control rats. It is 
possible that due to avolition and the increased perception of cost in the MIA rats, the 
difference in value (benefit minus cost) between the two choices is smaller than it is for the 
control rats, resulting in increased difficulty in making a decision. A possible increase in 
value of the low-cost choice, resulting in increased VTE, is consistent with the observation 
of an increase in ACC neurons encoding the low-cost choice. Therefore the increase in 
VTE in the MIA rats further suggests that there is avolition in the MIA model. 
Alternatively, increased VTE may be due to memory deficits. Deliberative 
decision-making requires the rat to mentally explore possible outcomes (Redish, 2016) 
with this exploration requiring the manipulation of working memory, which patients with 
schizophrenia have difficulties doing (Gold, Barch, et al., 2018; Gold, Robinson, et al., 
2018). Therefore, if the MIA rats have similar memory deficits to those observed in 
schizophrenia then the increase in VTE may be due to the rats having difficulty in 
exploring the possible outcomes. Unfortunately in the current experiment we are unable to 
differentiate as to whether the increase in VTE in the MIA rats is related to memory 
deficits or avolition. 
We also failed to find any dysfunction in either the ACC or VTA or their 
connectivity in the MIA rats that may relate to VTE. This may be due to the 
electrophysiological analyses we performed being too broad, as they looked at the entire 
vertex instead of just at the choice point (Figure 7.3). Alternatively, it may be that we were 
not observing the brain regions where the dysfunction is occurring. If the increase in VTE 
is related to an increase in choice difficulty in the MIA rats we might expect to see 
dysfunction in the ACC and/or VTA due to their role in the cost-benefit analysis. 
However, if the increase in VTE is due to difficulties in exploring possible outcomes we 
are more likely to find dysfunction linked to VTE in the hippocampus given it has 
previously been shown to be important in the mental exploration of possible outcomes 





Figure 7.3 Diagram of the maze showing the difference between the choice region where the VTE was measured, and the 
vertex where the electrophysiological data was collected from. Red dotted lines represent the sensors and blue dashed 
lines represent the doors. Adapted from Figure 2.1 section 2.4. 
 
7.1.3 Deficits in memory affect decision-making of the MIA animals 
Memory deficits affected decision-making at the start of each session for the MIA 
rats. Control rats selected the arm that had previously contained the preferred choice, while 
MIA rats appeared not to recall the locations of each choice from the previous session and 
chose at chance. Memory deficits have also been observed previously in the MIA model 
(Luchicchi et al., 2016; Meehan et al., 2017; Ozawa et al., 2006; Wolff et al., 2011) and 
patients with schizophrenia (Gold, Barch, et al., 2018; Gold, Robinson, et al., 2018; Lee & 
Park, 2005). 
We did not observe any abnormalities in electrophysiology within or between the 
ACC and VTA that were associated with the memory deficits, however this may be due to 
our analyses as we did not look at the data on a trial-by-trial basis. That is, as we 
investigated the electrophysiological data by averaging across quarters and the memory 
deficit affected decision-making on the first trial, it is likely that any differences may have 
been lost when averaging.  
MIA rats also appeared to not recall that the task included a reversal. Control rats 
increasingly chose the arm that contained the less preferred choice as the reversal 
approached. This behaviour was likely an anticipation of how this side would soon become 
the location of the preferred choice. MIA rats did not appear to be making these 
anticipatory choices. However, whilst this apparent failure to anticipate the reversal may 
have been due to a deficit in memory it may also have been due to a decrease in 
behavioural flexibility in the MIA rats. In this explanation the MIA rats failed to adapt 
their behaviour to increasingly choose the less preferred choice in anticipation of the 
Choice region Vertex 
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upcoming reversal even though they recalled that there was a reversal in the task. We are 
unable to distinguish between whether the reduction in anticipatory choices in the current 
experiment was due to a memory deficit or behavioural inflexibility. 
 
7.1.4 Behavioural inflexibility impacts decision-making in the MIA model and is linked to 
deficits in the ACC and its coherence to the VTA 
Behavioural inflexibility in the MIA rats affected decision-making in the trials 
following the reversal, with MIA rats continuing to select the arm that previously 
contained the preferred choice more often than controls, despite it now containing the less 
preferred choice (Figure 7.4). Whilst MIA rats chose the less preferred choice more often 
than controls throughout the post-reversal, this was greatest for the trials immediately 
following the reversal, suggesting this was not due to fatigue. This result provides further 
evidence that the MIA model produces behavioural inflexibility, correlating with the 
results of previous research into the model (Han et al., 2011; Kleinmans & Bilkey, 2018; 
Meyer, Nyffeler, et al., 2006; Millar et al., 2017; Savanthrapadian et al., 2013; Wallace et 
al., 2014; Zhang et al., 2012). Furthermore, these effects model the behavioural 
inflexibility observed in schizophrenia (Dridan et al., 2013).  
 
 
Figure 7.4 Example of the behavioural inflexibility in the MIA rats. The reversal resulted in the preferred choice (side 
with the high cost, shaded region) swapping sides. Whilst the control rats (blue) adapted to this change relatively 
quickly, MIA rats (yellow) took longer to adapt and continued to select the side that had originally contained the 






At the decision point in the trials immediately following the reversal, we observed 
differences in coherence in the delta frequency band between the control and MIA rats that 
may relate to behavioural flexibility (Figure 7.5Error! Reference source not found.). We 
observed that coherence increased in control rats as they were about to choose the new 
preferred choice and decreased when they were about to choose the less preferred choice 
immediately post-reversal. MIA rats, however, showed a small increase in coherence when 
they were about to choose the less preferred choice. The delta frequency band in the ACC 
and VTA has previously been associated with decision-making (Elston et al., 2019; Elston 
et al., 2018; Fujisawa & Buzsaki, 2011), with coherence associated with adaptation of 
behaviour. Given the results in previous studies, along with the results in the current 
experiment, it appears that increased coherence may be linked to control rats’ adaptation of 
their behaviour to the change in configuration, possibly by promoting the selection of the 
arm containing the preferred choice. Therefore the increase in coherence in the MIA rats in 
the current experiment for the arm that previously held the preferred choice, but currently 
holds the less preferred choice, may lead to them continuing to select that arm even though 
it no longer holds their preferred choice. 
We also observed an increase in the VTA to ACC signal when MIA rats were 
about to choose the less preferred choice post-reversal, and it may be that the small 
increase in general coherence between the ACC and VTA is in part due to this. Previously 
the VTA to ACC signal has been associated with error detection and consequently 
adaptation of behaviour (Elston et al., 2019; Elston et al., 2018). Therefore, it may be that 
the increase in the VTA to ACC signal and possibly the general ACC-VTA coherence, is 
as a result of the increase in preservative errors due to behavioural inflexibility and the rat 





Figure 7.5 A diagram of the maze illustrating the decision point (shaded area) from where the data was collected. Green 
arrow shows what decision the rat was making. 
 
In addition to changes in coherence we also observed an increase in ACC beta 
activity throughout the experiment in the MIA rats compared to the controls. Previous 
research has suggested that an increase in beta activity is associated with behavioural 
inflexibility (Engel & Fries, 2010). Therefore, given the ACCs role in decision-making, it 
could be that this increase in beta activity in the MIA rats results in them being less 
adaptable when changes in decision-making are required. This behavioural inflexibility is 
visible in the increase in perseveration after the location of the choices reversed. 
We also noted that the ACC neurons in the MIA rats showed abnormal synchrony 
to the ACC beta activity. It may therefore be that this increase in beta activity is related to 
the abnormal synchrony of the ACC neurons. As previously stated, altered firing of 
neurons can amplify oscillations (Buzsaki & Draguhn, 2004), therefore the altered phase 
angle at which the MIA neurons fire may result in the amplification of the beta 
oscillations. 
 
7.1.5 The possible effect of the individually ventilated cages on PPI 
The deficit in PPI in schizophrenia is often used as a measure of efficacy of an 
animal model of schizophrenia (Braff et al., 2001). However, we were unable to replicate 
the effect of reduced PPI in the MIA model in the current experiment. One possible reason 
for this result is due to a change in the cages used to house the rats. Previous studies from 




they were housed in individually ventilated cages (IVCs). These IVCs generate 
background noise we found to be around the same level as the quietest pre-pulse (72dBA), 
possibly interfering with the effect of the pre-pulse on the startle reflex. A previous study 
comparing open cages with IVCs in a genetic mouse model of schizophrenia also found 
that IVCs resulted in the absence of the PPI deficit normally observed in the genetic mouse 
model (Logge et al., 2014). Whilst we were unable to verify the efficacy of the production 
of the MIA animals using the PPI data the results from the behavioural data are consistent 
with those observed previously in the MIA model and in schizophrenia. Therefore it 
appears that, while the change in cages impacted the PPI testing, we were still successful 
in producing animals with schizophrenia-like deficits and our results still hold implications 
for schizophrenia in human patients.  
 
7.2 Implications for schizophrenia 
The reduced memory and behavioural inflexibility we observed in the MIA model 
have been shown to be associated with difficulties in decision-making. In addition, we also 
suspect the MIA model produces avolition, although this did not appear to impact 
decision-making in the current experiment design. These deficits of reduced memory, 
behavioural inflexibility, and avolition are consistent with some of the symptoms of 
schizophrenia. 
Reduced memory has been well established as a deficit in schizophrenia (Lee & 
Park, 2005), however it has also been observed that avolition and behavioural inflexibility 
in patients may account for some of the reduction observed in memory tasks (Gold, Barch, 
et al., 2018; Gold, Robinson, et al., 2018). In the current experiment we demonstrate that 
the abnormalities in decision-making at the start of each session in the MIA rats are due to 
memory deficits (not recalling the location of each choice from the end of the previous 
session) and not avolition or behavioural inflexibility. If they had recalled the previous 
configuration and were affected by avolition or behavioural inflexibility we would have 
observed them selecting one arm significantly more than chance, whereas we observed that 
MIA rats selected at chance (Figure 7.6). Therefore, the MIA rats failing to recall the 
previous configuration provides support for memory deficits in the MIA model, and 





Figure 7.6 Diagram of how avolition, behavioural inflexibility, and a deficit in memory might have affected decision-
making for the initial trial within a session. MIA rats showed a preference for the high-cost choice at the end of the 
previous session. If decision making on the first trial of a session was affected by avolition they would select the arm that 
previously contained the low-cost choice more often. If decision-making was affected by behavioural inflexibility the rat 
would select the arm they had previously been selecting more often at the end of the previous session (high-cost). 
Whereas we observed that the MIA rats chose at chance and therefore appeared not to recall the previous configuration. 
 
While behavioural inflexibility does not affect decision-making initially in the 
session it does appear to result in a lack of anticipatory choices approaching the reversal 
and increased perseveration post-reversal in the MIA rats. Patients with schizophrenia 
have also shown increased perseveration where they fail to adapt their response to a 
change in the task (Hutton et al., 1998; Pantelis et al., 1999). However, whilst this appears 
to be evidence for behavioural inflexibility, previous evidence in patients with 
schizophrenia suggests that behavioural inflexibility is a secondary symptom to avolition 
due to the increased cognitive effort required to adapt their behaviour (Fortgang et al., 
2017). Additionally, behavioural inflexibility has been shown to be greater in those with 
predominantly negative symptoms (including avolition) (Waford & Lewine, 2010; Yogev 
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et al., 2003). In the current experiment we were unable to differentiate whether our results 
were due to avolition or behavioural inflexibility.  
Behaviourally we were unable to ascertain if the MIA rats suffered from avolition. 
In contrast, it is well documented in schizophrenia (Barch et al., 2014; Berge et al., 2018; 
Chang et al., 2019; Culbreth et al., 2016; Fervaha et al., 2013; Fortgang et al., 2017; Gold 
et al., 2013; Hartmann et al., 2015; McCarthy et al., 2016; Park et al., 2017; Reddy et al., 
2015; Reddy et al., 2018; Treadway et al., 2015; Wolf et al., 2014). Avolition in 
schizophrenia appears to be due a decrease in willingness to expend effort possibly due to 
an increase in the perception of the cost in patients, and whilst we found no evidence of 
avolition in behaviour it does appear that the MIA rats may have an increased perception 
of cost based on the electrophysiological data. 
Abnormalities in the electrophysiology of the ACC and VTA were observed in the 
MIA model in relation to avolition and behavioural inflexibility. The ACC and VTA have 
been shown to have a role in decision-making and motivation, respectively. Additionally, 
both regions have been shown to be dysfunctional in schizophrenia. The ACC has been 
found to be dysfunctional in relation to cognitive control (Alústiza et al., 2017; 
Minzenberg et al., 2009), working memory (Dauvermann et al., 2017; Jalbrzikowski et al., 
2018), reward anticipation (Gilleen et al., 2015; Walter et al., 2009), error processing 
(Carter et al., 2001; Laurens et al., 2003; Minzenberg et al., 2014), and avolition (Park et 
al., 2015). Whilst the VTA has been shown to be dysfunctional in relation to working 
memory (Dauvermann et al., 2017), reward anticipation (Murray et al., 2008; Rausch et 
al., 2014), and avolition (Knolle et al., 2018; Köhler et al., 2019). Therefore, the 
involvement of these regions in deficits in decision-making and motivation is perhaps 
unsurprising. However, the current experiment was able to build on these findings in 
schizophrenia by achieving greater localisation and observing that the abnormal activity of 
the ACC and VTA is observed in specific frequency bands. Specifically, that increased 
activity of beta oscillations in the ACC may be linked to increased behavioural 
inflexibility, and decreased activity of the theta oscillations in the VTA may be linked to 
decreased motivation. Additionally, these changes in activity in the ACC and VTA linked 
to changes in the synchrony of ACC neurons in the MIA rats. We also observed that 
coherence in the delta frequency at the decision point is linked to behavioural inflexibility. 
Therefore, we have provided a greater insight into the dysfunction of the ACC and VTA in 
relation to deficits in decision-making and motivation. 
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As we were able to observe the ACC and VTA with increased temporal and spatial 
resolution in the current experiment compared to human schizophrenia studies, we were 
able to obtain a better understanding of the dysfunction within these regions and how this 
relates to the behavioural deficits observed in the MIA model, and potentially in 
schizophrenia. By finding neural correlates for the behaviours observed in the MIA model 
we may now proceed with investigating potential treatments that may correct these 
abnormalities in the ACC and VTA and thereby potentially treat the behavioural deficits 
observed. As these behavioural deficits are associated with cognitive and negative 
symptoms (Bismark et al., 2018; Horan et al., 2015; Waford & Lewine, 2010), and these 
symptoms are important in functional impairment in schizophrenia (Fervaha, Foussias, et 
al., 2014; Green et al., 2004), treatment of the dysfunction we observed may in turn 
improve functional outcomes in patients. 
 
7.3 Future directions 
7.3.1 Improving the MIA model 
The MIA model is based on the knowledge that MIA during pregnancy leads to an 
increased risk of schizophrenia developing in the offspring. The model then mimics this by 
administering a substance that activates the mothers’ immune system during gestation. 
This developmental animal model of schizophrenia has advantages over genetic and drug 
models (Jones, Watson, & Fone, 2011). Given that we do not completely understand the 
dysfunction that causes schizophrenia, animal models that use drugs to manipulate 
neurotransmitter systems (dopamine/ glutamate) are only mimicking one aspect of 
schizophrenia. Whilst genetic animal models also exploit a risk factor of schizophrenia 
they knock-out a single gene and do not account for the differences in mutations that might 
occur. Additionally, similar to drug models they are only impacting that particular genes 
function and therefore might not be encompassing the full spectrum of dysfunction in 
schizophrenia. 
Previous research into the MIA model has demonstrated a wide range of 
schizophrenia-like behavioural deficits that are linked to positive and cognitive symptoms 
(Meehan et al., 2017; Meyer, Murray, et al., 2008). Additionally, physiological deficits 
similar to those found in schizophrenia have been observed, including neurotransmitter 
dysfunction (De Felice et al., 2019; Dickerson et al., 2014; Luchicchi et al., 2016). We 
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further demonstrated this with the observations of behavioural inflexibility and memory 
deficits in the MIA rats, and abnormal connectivity between the ACC and VTA. 
 However, MIA has only been shown to be a risk factor for schizophrenia and does 
not guarantee that offspring develop the disorder. One hypothesis for the development of 
schizophrenia suggests that two or more risk factors are required for schizophrenia to 
develop (the ‘two-hit’ model), in particular a genetic or environmental insult during 
gestation followed by a stressor during adolescent brain development (Keshavan, 1999). 
Evidence for this hypothesis is seen in an epidemiological study that found that the risk of 
developing schizophrenia was significantly increased when there had been both a prenatal 
infection and a peripubertal stressor, compared to the risk when either one was 
experienced alone (Debost et al., 2017).  
These two-hit effects have been observed in animal models. A previous study 
investigated the effect of introducing a stressor during peripubertal development in MIA 
(Poly I:C) animals on adult behaviour (Giovanoli et al., 2013), thereby recreating the 
suggested development of schizophrenia according to the ‘two-hit’ model. It was found 
that PPI was reduced only when the animals that had received mild MIA activation had 
also experienced a peripubertal stressor. Therefore, whilst the MIA model does produce 
schizophrenia-like deficits, these may more accurately reflect the deficits observed in those 
classed as having an at-risk mental state rather than schizophrenia itself (Mason et al., 
2004).  
In the current experiment it may have been that the increase in background noise of 
the home cage could act as a stressor during peripubertal development, as rats were 
introduced to these cages after weaning at 3 weeks post-birth (previously in open cages 
with minimal noise). Whilst the background noise in the home cages may have acted as a 
peripubertal stressor, it also interfered with the PPI testing. This may in part be due to the 
fact they continued to be exposed to the background noise as they remained in the IVCs 
throughout the experiment. Therefore, future experiments might investigate whether the 
use of IVCs versus open cages results in a more accurate model of schizophrenia by acting 
as a stressor during peripubertal development. It may also be worth investigating if this is 




7.3.2 Alternatives to PPI testing 
Previously PPI testing has been used to measure the efficacy of the production of 
the MIA model, with an expected result of reduced PPI in the MIA animals (Bates et al., 
2018; Kleinmans & Bilkey, 2018; Millar et al., 2017; Wolff & Bilkey, 2008). However, in 
the current experiment we were unable to replicate this result. We hypothesise this is due 
to the change in cages resulting in an increase in background noise. As animal ethics 
committees can now require this type of cage, we need to investigate alternative measures 
of testing the efficacy of the MIA model production. When selecting an alternative test 
results need to be consistent, and we would want to avoid tasks that are time consuming, 
require training, or require the administration of additional drugs, as this may interfere 
with the main experiment. 
One alternative to PPI testing is to measure the amount of exploration in an open 
field, as previously this has been observed to be decreased in the MIA model (Howland et 
al., 2012; Shi, Fatemi, Sidwell, & Patterson, 2003; Smith et al., 2007). Although there are 
other studies that have not observed this difference in exploration (Straley et al., 2017; 
Wang et al., 2010), these studies used LPS to produce the MIA model whereas those that 
found decreased exploration used the influenza virus or Poly I:C. It is also worth noting, 
that even with regard to finding reduced PPI in the MIA model there is variation in results 
between the different methods of production (Fortier et al., 2007; Meyer, Nyffeler, Yee, et 
al., 2008). The task simply requires the rat to be placed in the open field and the 
measurement of, either the number of times it enters the centre, or total time spent in the 
centre. It can therefore be completed quickly with no requirement of training of the animal 
or administration of a drug. However, further investigation would be required using the 
current method of producing the MIA animals to confirm the decrease in exploration in the 
MIA animals relative to controls. 
 
7.3.2 Dysfunction in the ACC and VTA that relates to the deficit in memory in the MIA 
model 
In the current experiment our analyses were too broad to detect any potential 
dysfunction in the activity or coherence of the ACC and VTA that might relate to the 
deficit in memory observed on the first trial of the session. Further analyses may reveal 
deficits in the ACC and VTA as both regions have been shown to be involved in memory. 
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Specifically, the activity of the neurons within the ACC have been shown to reflect the 
relevant previous knowledge when making a cost-benefit analysis during decision-making 
(Blanchard & Hayden, 2014; Kennerley et al., 2006; Sheth et al., 2012; Tervo et al., 2014). 
Therefore, it could be that there are differences in firing of the ACC neurons between the 
MIA and control rats for the first trial. Additionally, dysfunction in the activity of both the 
ACC and VTA has previously been observed in schizophrenia in relation to memory 
deficits. Activity in the ACC of patients is reduced compared to healthy controls when 
memory load was increased (Dauvermann et al., 2017; Jalbrzikowski et al., 2018), and 
dysfunction in the VTA along with its connection to the PFC has been implicated in 
memory deficits in schizophrenia (Dauvermann et al., 2017; Tanaka, 2006). Whilst these 
studies could only observe temporal frequencies slower than 0.1Hz, we might observe 
dysfunction in activity and coherence of the ACC and VTA at higher frequencies as well. 
 
7.3.3 Adjusting experimental design to investigate behavioural differences due to 
avolition 
We were unable to explicitly detect the presence of avolition in the MIA model 
behaviourally (overall decrease in high-cost choices), although electrophysiological data 
does suggest it is present. Part of the reason we may have been unable to detect avolition 
in the current experiment is due to the reversal. The overall number of times the controls 
selected the high-cost choice was reduced due to an increase in anticipatory choices pre-
reversal of the low-cost choice. Additionally, post-reversal choices of the low-cost choice 
in the MIA rats appeared to be at least partially due to behavioural inflexibility. Therefore, 
future experiments may investigate avolition by adjusting the experimental design by 
removing the reversal. 
Alternatively, or in addition to the removal of the reversal, it might also be worth 
adjusting the cost and/or benefit. Previous studies investigating schizophrenia found that 
decreased motivation was only observed at higher levels of cost (Gold et al., 2013; 
McCarthy et al., 2016; Treadway et al., 2015). Therefore, it may be that the current 
experiment did not use a high enough level of cost to reveal the deficit in motivation in the 
MIA model. In future it would be beneficial to adjust the cost and benefit to investigate if 
there is a point where the cost is too great for the benefit for the MIA animals, but where 
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control animals are still willing to overcome the cost for the benefit (blue shaded area in 
Figure 7.7). 
The increase in VTE observed in the MIA animals could also be used to investigate 
the presence of avolition. In the current experiment we were unsure as to whether the 
increase in VTE may be related to increased choice difficulty and therefore avolition in the 
MIA rats, or a deficit in working memory. However, if future experiments were to adjust 
cost and benefit so that the difference in value between the two choices were to change 
(change in choice difficulty) it might be possible to observe VTE correlating with the 
change in choice difficulty. If MIA rats have an increased perception of cost as 
hypothesised, so that their cost-benefit analyses is biased, then the point at which the 
choice is most difficult will differ from controls (Figure 7.7). Therefore, if the high-cost 
choice is closer to the greatest point of choice difficulty for control rats than MIA rats we 
would expect to see greater VTE in the controls than the MIA rats. 
 
 
Figure 7.7 Hypothesised line where the high-cost high-benefit choice would create the greatest choice difficulty in 
control and MIA rats (solid line). As the high-cost high-benefit choice moves further away from this line choice difficulty 
decreases as it becomes clearer that either the benefit is worth the cost (shaded area) or the cost is too great for the 
benefit (unshaded area). Based on the assumption that even the low-cost choice offers a benefit worth the cost, but that 
this benefit is relatively small (red ‘x’ as an example). 
 
7.3.4 Investigating the cause of the dysfunction in the ACC and VTA activity and 
coherence 
Whilst we observed dysfunction within and between the ACC and VTA in the 
current experiment we do not know the underlying reason for this dysfunction. Both the 










hypothesis of schizophrenia suggests that the deficits observed in schizophrenia are due to 
abnormalities in the dopamine system (Howes & Kapur, 2009). Previously it has been 
observed that a decrease in mesocortical dopamine is associated with negative and 
cognitive symptoms of schizophrenia (Abi-Dargham et al., 2002; Juckel et al., 2006; 
Salamone et al., 2018; Slifstein et al., 2015). Additionally, reduced activity of the VTA 
dopamine neurons has been observed in the MIA model (De Felice et al., 2019; Luchicchi 
et al., 2016). Therefore, it may be that the dysfunction we observed in the ACC and VTA, 
in relation to deficits in decision-making and motivation, is due to a decrease in dopamine.  
Dysfunction in the dopamine system may, however, be secondary to dysfunction in 
the NMDA subtype of glutamate receptor (Figure 7.8) (Laruelle et al., 2003). Reduced 
glutamate transmission in the VTA has been observed to result in reduced dopamine 
release in the PFC (Takahata & Moghaddam, 2000). There is already some evidence for 
reduced glutamate transmission in the VTA in the MIA animals (De Felice et al., 2019), 
and further analysis may reveal that the abnormalities in VTA activity and coherence to 
the ACC in the current experiment may be due to this reduction in glutamate. Additionally, 
dopamine in the PFC appears to improve the signal-to-noise ratio both by acting directly 
on pyramidal cells and via GABAergic interneurons (Gorelova, Seamans, & Yang, 2002). 
In patients with schizophrenia glutamate abnormalities are observed in the ACC (Egerton 
et al., 2018; Jauhar et al., 2018; Wang et al., 2019), and as the GABA interneurons express 
glutamate NMDA receptors (Belforte et al., 2010), it may be that the dysfunction in the 
ACC we observed is related to abnormalities in glutamate and GABA interneurons. 
Further to this, abnormal synchrony in the hippocampus of the MIA model has been linked 
to abnormalities in GABAergic interneurons (Dickerson et al., 2014), although these 
changes have not been observed in the medial PFC. Therefore the abnormal synchrony in 





Figure 7.8 Hypothesised reciprocal interaction of the dopamine and glutamate neurotransmitter systems in the VTA and 
cortex, and their alteration in schizophrenia. Glutamate (GLU) projections from the cortex can increase mesocortical 
dopamine (MC DA) signalling from the VTA to cortex. Additionally, cortex glutamate projections decrease mesolimbic 
dopamine (ML DA) signalling from the VTA to ventral striatum (VST) via glutamate’s interaction with inhibitory GABA 
interneurons. In schizophrenia it may be that a decrease in glutamate in the cortex (including the ACC) results in a 
decrease in mesocortical dopamine and an increase in mesolimbic dopamine. PPT = pedunculopontine tegmentum. 
Taken from (Laruelle et al., 2003). 
 
Future studies might therefore investigate whether the dysfunction within and 
between the ACC and VTA is related to abnormalities in the dopamine or glutamate 
systems, or an interaction of the two neurotransmitters. Understanding the underlying 
dysfunction of the ACC and VTA may therefore provide a greater understanding of the 
pathology of schizophrenia, as well as providing potential targets for future treatments of 
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Appendix: Control Experiments 
In addition to the main cost-benefit decision-making task, rats also completed 
several control experiments. These included an open field task where rats (eight control 
and eight MIA) were placed in an open field (65cm x 65cm x 50cm) for 10 minutes per 
day, for three consecutive days. The power spectral density graphs for each ACC power 
and VTA power suggest there is no difference between control and MIA rats during the 
open field task. This therefore indicates that the increase in ACC beta power, and decrease 




















Figure A.1. Power spectral density graphs for ACC power, VTA power, and ACC-VTA coherence during an open field 
task, for control and MIA rats (±SEM). 
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Additionally, we completed two tasks to assess whether the rats could differentiate 
between the two levels of effort (no barrier versus barrier; effort control), or between the 
two amounts of reward (0.1ml versus 0.3ml condensed milk; reward control). The design 
of these tasks was similar to that of the main cost-benefit decision-making task (64 trials 
with 16 forced, and a reversal between trials 32 and 33). Where these tasks differed was in 
the reward or effort offered for each choice (Figure A.2). For the effort control task the 
reward offered was low for both choices (0.1ml), so the choice was between high cost 
(barrier) and low cost (no barrier). For the reward control task the effort offered was low 
for both choices (no barrier), so the choice was between the high reward (0.3ml) and low 
reward (0.1ml). 
Following completion of the main task, seven control and nine MIA rats were 
started on the effort control task, and did five sessions on consecutive days. In an attempt 
to counteract any effect of training or habituation to the original configuration in the main 
task, each rat experienced the high cost on the opposite arm to the one it was located on 
during the main experiment. For example if a rat experienced high cost high reward 
(HCHR) on the left pre-reversal in the main task, and right post-reversal, then during the 
effort control task the high cost low reward (HCLR) is located on the right pre-reversal and 
left post-reversal. The reward control was also five sessions on consecutive days following 
on from the effort task. The configuration was also opposite to the main task (low cost 
high reward in the opposite location to HCHR). 
Analysis of the percentage of high cost (%HCLR) choices made during the effort 
control task across the sessions (two-way ANOVA) revealed no significant interaction or 
main effect involving treatment, with only a significant main effect of session (F (2.74, 
37.05) = 5.43, p = 0.004; Figure A.2). Both control and MIA rats showed a decrease in 
%HCLR choices as they completed more sessions. During the reward control task analysis 
of the percentage of high reward choices (%LCHR) using a two-way ANOVA revealed a 
significant interaction between session and treatment (F (4, 52) = 2.67, p = 0.04; Figure 
A.2). MIA rats showed a greater %LCHR choices for the 2nd session compared to controls 
but decreased %LCHR choices for the 5th session, however both groups showed an 
increase in %LCHR choices as they progressed through the sessions. Despite the small 
differences between the groups, the overall increase in %LCHR for both groups indicates 










































Figure A.2. The choices offered for each of the control tasks (effort and reward). The effort control task offered a choice 
between low cost low reward (LCLR) and high cost low reward (HCLR), which reversed halfway through the session. 
The reward control task offered a choice between low cost high reward (LCHR) and low cost low reward (LCLR), which 
reversed halfway through the session. In this example the rat would have experience the high cost high reward (HCHR) 
choice in the main task in the left arm pre-reversal (low cost low reward; LCLR in the right arm), and HCHR in the right 
arm post-reversal (LCLR in the left arm). No difference was observed in either %HCLR choices or %LCHR choices 
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